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ABSTRACT 
The extraction of natural gas from shale reservoirs has generated a substantial increase in the 
volume of produced brine. In addition to being highly saline, these brines often contain elevated 
concentrations of naturally-occurring radionuclides and toxic metals. These characteristics 
present many challenges with regard to effective treatment and disposal. This dissertation 
investigated the mobilization of Ba, As, U, and Ra from shale in contact with hydraulic 
fracturing fluids under typical reservoir pressure and temperature conditions through a series 
of batch and flow-through experiments as well as geochemical simulations. Comparison of 
experimental data with flowback samples collected from a shale gas well in Michigan 
demonstrated that a majority of toxic elements present in production wastewaters likely 
originate from connate brines and are not substantially enhanced by well completion activities. 
X-ray computed tomography and scanning electron microscopy analysis demonstrated the co-
occurrence of calcite-depleted regions and exposed pyrite at the fracture face in the core-
flooding experiments. Following this observation, a 2D reactive transport model was developed 
to further study the effect of fast calcite depletion on pyrite dissolution and associated arsenic 
leaching. The relative importance of advection, diffusion, and reaction rate in controlling 
mineral dissolution was evaluated through analysis of model domain Péclet (Pe) and 
Damköhler (Da) numbers. Calcite dissolution was shown to be mass transport rate limited, 
while the dissolution of pyrite embedded within the calcite-depleted shale matrix was 
controlled by a combination of surface reaction and mass transport. Additionally, the 
mechanism and controls for Ra mobilization in produced brines were investigated and used to 
develop an empirical relationship for predicting Ra activity in shale gas wastewaters. It was 
xvii 
 
shown that adsorption/desorption is the primary process controlling Ra mobilization. Ra 
activity can be estimated prior to drilling activity if the U and Th content of the shale and the 
TDS of produced water is known. This knowledge can be used to guide optimal wastewater 
treatment and disposal strategies prior to any drilling activity, thereby reducing hazards 
associated with elevated Ra activity in shale gas wastewaters. 
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Chapter 1 
Introduction 
 1.1 Background and motivation 
1.1.1 Unconventional shale gas production 
A reliable supply of natural gas along with its high energy content have led energy 
developers to pursue natural gas as an energy source.1 Natural gas is well known as an efficient, 
bridge energy source between existing carbon-intensive fuels, like coal, and future renewable 
energy sources because it emits less carbon dioxide (CO2) than coal for equivalent amounts of 
power generation.2 In addition, the switch from coal to natural gas for power generation can 
largely reduce sulfur, nitrogen, mercury, and particulate air pollution.3 A study by Chen et al. 
found that the human toxicity impact of electricity produced from shale gas is much lower than 
from coal.4 In early 2018, the U.S. Energy Information Administration (EIA) predicted natural 
gas will remain the primary energy source for electricity generation, partially due to the 
relatively low cost of natural gas.5 
Increased natural gas production in U.S. is the result of continued development of shale 
gas, which is expected to account for more than three-quarters of natural gas production by 
2050.6 Unlike conventional reservoirs that have sufficient permeability to pump gas resources 
through vertical drilling, unconventional reservoirs have low permeability and must be 
stimulated via hydraulic fracturing to generate flow pathways and increase surface area prior 
to production. In 2016, hydraulically fractured horizontal wells accounted for 69% of all oil 
and natural gas wells drilled in the United States and 83% of the total linear footage 
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drilled.7 
Because they are longer, and the drilling process is more complex, a horizontal well is 
generally more expensive to drill than a vertical well.7 The combination of horizontal drilling 
and hydraulic fracturing has made the production of shale gas economically viable, which 
resulted in substantial growth in U.S. natural gas production through the early 2000s and has 
generated global interest in developing shale gas reservoirs.8 
 
1.1.2 Environmental impacts 
Different environmental impacts associated with unconventional shale gas 
development. Unconventional wells are typically drilled up to 3 km of depth and the length of 
the horizontal section (lateral) can range from less than a hundred meters to several kilometers, 
targeting formations as thin as 30 m thick.3 This process can generate about 1,000 tons of drill 
cuttings depending on the depth of the formation and the length of the horizontal tail.9 Also, 
during the hydraulic fracturing process, a significant amount of water-based hydraulic 
fracturing (HF) fluids are pumped at high pressure into the reservoir to initiate fractures and 
subsequently release the entrapped natural gas. Each production usually consumes 8,000 to 
80,000 m3 (2-20 million gallons) water3 which, though substantial,  is far less than the amount 
of water used in agriculture, manufacturing, and municipal water supply.10 Water footprint 
analysis has shown that the hydraulic fracturing revolution has increased overall water usage 
and wastewater production in the United States, but the consumed and produced water 
intensities of hydraulic fracturing are still lower than other energy extraction methods and 
represent only a fraction of total industrial water use nationwide.11 The specific water quantity 
needed to fracture a well depends on the formation basin, recoverable amount of gas, and the 
number of fracture stages.12 Risk associated with these large amount of water withdrawal in a 
short period can be large in particular place and particular time. Furthermore, this part of water 
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can also be obtained from recycled production brines other than on-site water wells, municipal 
water resources, and surface waters. In most locations, the water quantity is then not believed 
to be a significant issue.  
In addition to water, a range of chemicals are added to synthesize HF fluids in order to 
enhance the hydraulic fracturing process as well as shale gas production. The chemicals contain 
proppant (hold fractures open for releasing gas), friction reducer (reduce fraction effect), 
surfactants (to increase recovery), scale inhibitors (prevent formation of calcium carbonate and 
calcium, barium, strontium sulfates), gelation chemicals (iron control), acid (aid in fracturing 
and dissolving the rock), biocide (control bacterial growth), and corrosion inhibitors.13,14 The 
specific chemical composition used to complete a given well depends on many site-specific 
factors. Although chemical recipes are still kept secret due to proprietary concerns, many 
operators are choosing to voluntarily disclose the chemical make-up of their completion fluids 
through the website Fracfocus.org, which now has chemical disclosures for over 127,781 
hydraulically fractured wells completed in the U.S.  
After the fracturing process, the wells are then sometimes shut-in to enhance 
hydrocarbon production. The injected HF fluid then returns to the surface as ‘flowback’ water 
prior to production of natural gas. The exact percentage of injected fluid that returns as 
flowback is quite variable and can depend on many factors such as the duration of well shut-in 
and the initial saturation state of the reservoir.15 Typical flowback volumes range from 9-53% 
of the total volume of HF fluid injected for Marcellus shale.16 The well will also produce water 
as produced water throughout its production lifetime. 
The main wastes associated with this hydrocarbon extraction process consist of drill 
cuttings, flowback/produced water and other by-products associated with this process.17 Most 
drill cuttings (98.4%) are disposed of in landfills.17 Flowback and produced water are mostly 
either treated for reuse in another hydraulic fracturing job or disposed of in deep injection wells. 
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However, earthquakes have been linked directly to deep well injection disposal of produced 
waste water.18 Environmental issues include air quality impacts from emissions of greenhouse 
gases and ozone precursors (volatile organic compounds and nitrogen oxides), which have 
associated health effects that are difficult to quantify.19 Natural gas production actually emits 
less air particles compared to other fossil fuels.20 The most contentious area is still risk that 
shale gas operations pose to water resources, such as the contamination of shallow aquifers by 
fugitive gas,  or spilled HF fluids; disposal of inadequately treated shale gas wastewater; and 
drinking water contamination because of poor well integrity.1,3,16,21–27 There are also water 
quality concerns over the disinfection byproducts28, biocides29, bromide, iodide and 
ammonium30 in shale gas wastewater, which might add special challenges to water treatment. 
 
1.1.3 Research motivation 
As the largest waste stream associated with shale gas production, flowback/produced 
water consists of the injected HF fluids and formation water that have been in close contact 
with reservoir rock and is therefore expected to contain elements both from the formation and 
introduced chemicals. The targeted organic-rich shales have generally been associated with 
low-level water contamination due to natural weathering processes, causing the release of trace 
metals to groundwater.31–35 In order to recognize specific contaminants of concern, the EPA 
has identified a list of target chemicals to monitor when assessing the adequacy of flowback 
water treatment. This list includes monitoring of As, Ra, Sr, Ba, and U, among other inorganic 
and organic components.36 The flowback and produced waters that return to the surface during 
production are high in volatile organic compounds, total dissolved solids (TDS, 60,000–
350,000 mg/L) and contain halides (e.g., chloride, bromide), strontium, barium, and often 
naturally occurring radioactive materials (NORMs) as well as organics.15,37–46 The wastewater 
may be recycled, treated, or disposed of through deep well injection. Several studies have 
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characterized flowback waters associated with unconventional reservoir drilling and field data 
shows that the water chemistry of flowback water is different from that of injected water.38,47–
52 The specific chemical composition of flowback/produced water varies greatly and depends 
on geological conditions such as formation mineralogy, geographic location and depositional 
age of the reservoirs.53 
Although characterization of flowback water has been widely investigated, the source 
is still a matter of debate. The origin of the salts within the brine is important in understanding 
the total volume of saline fluid within the reservoir and its behavior over the life cycle of gas 
production.54 It has been proposed high TDS in produced brines could have originated from 
subsurface dissolution of evaporates; the micro fracture matrix sequence of diagenesis of 
minerals inside formation rock;54 the mixing between injected fracturing fluid and accessible 
mobile brine;49,55,56 or mobilization of immobile connate pore fluids held by capillarity.38,51 
Considering differences in formation mineralogy and geological conditions, it is plausible that 
the salts originate from multiple sources.  
One important area that has received limited attention is the contribution of water-rock 
interactions to flowback fluid chemistry. Several experimental and modeling studies have 
examined the influence of water-rock interaction.57–61 Dieterich et al.57 demonstrated the in situ 
pressure can promote fracture growth and observed mineral dissolution/precipitation on shale 
surface when in contact with synthetic HF fluids. Phan et al.58 studied the potential mobilization 
of trace metals in drilling cuts under certain storage and disposal conditions. Renock et al.59 
investigated the reductive weathering that release barium during hydraulic fracturing. Wang et 
al. varied the fluids properties including pH, oxidant level, and solid:water ratio to study the 
mobilization of elements (Ca, Mg, Fe, Ba, As, SO42-) from Eagle Ford shale. The pH was 
demonstrated to be the main controlling factor. A comprehensive study in the area of a more 
complete set of fracking fluid parameters on toxic element release is still needed. The ability 
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to predict the chemical evolution of remnant HF fluids or the chemistry of flowback water 
returning to the surface will be improved if the HF fluid-shale geochemical reactions occurring 
in the subsurface can be better characterized. In order to develop efficient and innovative 
treatment strategies for these emerging wastewater streams, a more complete understanding of 
their composition and the controlling factors that determine the chemical evolution of these 
waters is needed. Understanding the source of flowback/produced water and the factors 
controlling water chemistry is important for guiding hydraulic fracturing development and 
management.  
To help address this knowledge gap, this study investigated the degree to which water-
rock interactions between simulated HF fluids and fractured shales contribute to the impaired 
water quality observed in water that returns to the surface during shale gas production. In 
addition to analyzing samples of flowback/produced water and shale, both batch and flow-
through experiments were applied to study the mobilization of trace metals and radionuclides 
from two shale gas reservoirs in the Michigan Basin: the Collingwood-Utica and Antrim 
formations (Figure 1.1). The Utica-Collingwood is an emerging shale gas reservoir in the 
northern half of Michigan’s lower-peninsula. It is comprised of both the Utica shale and the 
organic-rich Collingwood limestone. The Antrim shale has been active since the 1980’s, but 
drilling in this reservoir is on the decline. To further investigate the effects of different shale 
and chemicals as well as contact time on trace elements mobilization, geochemical simulations 
were performed in addition to experiments. The objectives of this research were to evaluate the 
potential mobilization mechanisms of different elements of interest during the water-rock 
interaction. 
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Figure 1.1: Map of Utica-Collingwood formation and the producing trend of the Antrim shale. 
 
 1.2 Research questions 
The goal of this thesis is to build a comprehensive understanding of the factors 
controlling the trace metals and radionuclides (mainly U, As, Ba, Ra) leaching in shale gas 
produced brine. Formation heterogeneity has great influence on element mobilization and was 
investigated using scanning electron microscopy (SEM), x-ray computed tomography, x-ray 
diffraction (XRD), sequential extraction, hot acid digestion, and whole digestion. Through this 
thesis, the rate and extent of trace element and radionuclide leaching have been investigated 
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using two Michigan shale gas reservoirs in contact with synthetic HF fluids under ranges of 
system conditions (P, T, pe, pH) expected in the shale formations. Research questions 
addressed will include: 
R1. Which elements are mobilized from shale through interactions between shale and 
HF fluids? Which shale phases control trace element leaching and mobility? How do 
the different chemical additives in HF fluids impact trace element mobilization? Among 
all chemical additives, which chemical has the largest effect? 
R2. How do the system conditions (P, T, pH, pe) affect trace element mobilization?  
R3. How do the chemical additives affect the trace metal leaching rate? How does 
different mineral accessibility affect the leaching rate?  
R4. How do experimental results compare with field samples? Do shale/HF fluid 
interactions measured in the laboratory leaching studies account for the trace element 
mobility observed in flowback/produced water?  
R5. What factors control radionuclide (mainly radium-226) mobilization and activity 
levels in produced brine?  
These research questions are addressed as described in Chapters 2-4 through a 
combination of bench-scale batch experiments, flow-through experiments, and geochemical 
modeling simulations.  
 
 1.3 Chapter Summaries 
Chapter 2 presents the results of a series of in situ batch trace element leaching 
experiments of shale in contact with HF fluids, and by comparing these results to actual trace 
element concentrations in flowback water from field samples. This work was performed to 
evaluate the role of common HF chemical additives in promoting the mobilization of toxic 
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elements from two shale gas reservoirs in the Michigan Basin, which addresses research 
questions R1, R2 and R4 noted above. In addition to X-ray diffraction analysis, a sequential 
extraction approach is used to apportion the origin of elements among various mineral phases 
present in shale and to better understand the mechanisms promoting the release of these phases. 
Batch experiments were conducted over a range of coupled T/P conditions relevant to shale 
gas extraction depths and were focused on specific elements of interest including Ba, As, U, 
and Ra when powdered shale samples in contact with synthetic hydraulic fracturing fluids. In 
addition, batch geochemical modelling together with Eh-pH stability analysis were applied to 
better understand acid oxidative pyrite dissolution and the release of trace elements bounded 
to pyrite. 
Chapter 3 addresses questions under R3 and demonstrates how carbonate dissolution 
influences As release from shale in contact with HF fluids through core flow-through 
experiments at different flowrates. As an organic-rich limestone, the Collingwood formation 
shale contains a small amount of pyrite. Batch experiments as well as sequential extraction 
results indicate that both Fe and As are mostly bound to reduced phases, possibly arseno-pyrite 
or arsenian-pyrite. Previous well-mixed batch reactor studies of powdered shale samples were 
implemented to maximize the accessibility of pyrite for As leaching compared to actual core 
samples. Two core flooding experiments where synthetic HF fluids flowed through proppant-
packed fractured shale cores were also conducted under the same coupled T and P reservoir 
conditions (as described in the batch experiments of Chapter 2). Compared to batch studies of 
powdered shale samples, flowing HF fluids through a fractured core sample can reduce 
accessibility of As and minimize pH buffering provides less hydraulic contact time for the 
relatively fast carbonate and slower pyrite dissolution. A combination of X-ray computed 
tomography and SEM was applied to explain flow-through experimental observations. In 
addition, a 2D reactive transport model using CrunchFlow was included to study the 
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importance of mineral surface-controlled dissolution and transport-limited process for both 
calcite and pyrite dissolution, which better demonstrates As leaching mechanisms. Non-
dimensional parameters including the Péclet number (Pe) and Damköhler numbers (Da) were 
applied to evaluate the relative importance of advection, diffusion, and reaction terms in 
controlling element leaching, in general, and particularly the impact of carbonate dissolution 
on As leaching from pyrite.  
Chapter 4 develops as empirical approach to predict radium release in shale gas 
produced brines as a function of fluid solution conditions, which addresses Questions under 
R5. Even though measurable in flowback water per Chapter 2, Ra activity was below detection 
counts in all laboratory-scale batch and flow-through experiments under realistic water/rock 
ratios. Because of the short half-lives of 1600 yr and 5.75 yr for Ra-226 and Ra-228, 
respectively, the elevated Ra level in flowback/produced water has to come from continuous 
decay of parent radionuclides U-238 and Th-232, which are both naturally inherent to most 
organic-rich shales. Water/rock interactions must play an important role in the Ra mobilization 
process. This chapter presents an analysis of the role of shale composition (U, Th content and 
cation exchange capacity) and formation water composition (cation concentration and sulfate 
level) in influencing Ra activity in shale gas produced brines. Three different shale gas 
reservoirs were analyzed in this study, including the Antrim and Utica-Collingwood formation 
in Michigan and the Marcellus formation in Pennsylvania. Spectral gamma ray well logs and 
full mineral digestions together illustrate that spectral gamma ray well logs can be used to 
reasonably determine approximate U and Th concentrations within the shale in a given 
reservoir. The correspondent decay products of Ra isotopes in source rock can then be 
estimated. Two Ra measurements, inductively coupled plasma mass spectrometry (ICP-MS) 
and gamma-ray spectroscopy techniques, were compared. The rapid ICP-MS results were in 
agreement with gamma-ray spectroscopy for Antrim produced water samples with lower 
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salinity and higher Ra activity, but not for Collingwood flowback samples. Barium 
adsorption/desorption experiments were conducted to obtain shale cation exchange capacity 
(CEC). By correlating shale reservoir U content and TDS to the expected Ra activity in Antrim 
produced brines, an empirical equation could be obtained for Ra activity prediction. Based on 
this correlation, it may be possible to identify a priori if a given well from other shale formation 
may be expected to result in flowback water with high concentrations of Ra. By following the 
approach flowback water that is likely to have high Ra concentrations can be targeted for 
effective wastewater treatment processes and disposal strategies to better manage the risks 
associated with shale gas produced NORM. 
Chapter 5 summarizes the conclusions of the work presented in this dissertation and 
discusses the impact of these findings. 
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Chapter 2 
Role of Water-Rock Interactions in Controlling Shale Gas Produced Brine 
Composition 
 2.1 Introduction 
In recent years, the oil and gas industry has been targeting organic-rich shales for 
natural gas production through a combination of horizontal drilling and hydraulic fracturing. 
Hydraulic fracturing (HF) fluids are composed primarily of water (>95%) but also contain a 
variety of chemical additives to enhance well stimulation and subsequent well productivity. 
These often include friction reducers, biocides, surfactants, scale inhibitors, gelling agents, 
acids, and corrosion inhibitors.1,2 Proppants, such as quartz sand, are also added to keep 
fractures open after the pressure is released to allow continued gas flow in the stimulated area. 
The particular chemical composition HF fluid depends on site-specific factors such as local 
geology, drilling and well construction plans and operator preferences. While most chemical 
HF Fluid recipes are proprietary, many operators now voluntarily disclose their chemical 
makeup through the website Fracfocus.org.  
A portion of injected HF fluid returns to the surface as flowback water prior to the onset 
of gas production, but the exact percentage depends on factors such as duration of well shut-in 
and the initial saturation state of the reservoir.3 Typical flowback volumes for Marcellus shale 
gas wells range from 9-53% of the volume of HF fluid injected.4  The well will also produce 
brine water throughout its production lifetime. A side effect of hydraulic fracturing is the 
exposure of previously hydraulically isolated minerals that may contain 
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naturally occurring radioactive material and toxic metal elements.5–8 For example, 
radionuclides present in the shale, including U, Th, and their daughter products 226Ra and 228Ra, 
may be released into the HF fluids and produced water.5,9 In addition, flowback fluids may 
contain elevated concentrations of naturally-occurring salts, metals, and organics.3,4,10,11 
Collectively, flowback and produced water represent the largest volume of waste associated 
with shale gas production. The EPA’s targeted a list of chemicals for flowback water treatment 
include As, Ra, Sr, Ba, and U, among other inorganic and organic components.12 
Many recent studies have characterized flowback waters associated with 
unconventional reservoir drilling to determine chemical signatures unique to shale 
reservoirs.10,11,13–19 Barbot et al.14 observed that Ba concentrations exhibited a strong 
dependence on geological provenance and location, while Haluszczak et al.15 reported that 
flowback water composition resembles formation brines formed by seawater evaporation.  
Isotopic analyses of Sr, Li, and B was used to determine produced brine origin.11,18 These 
studies also demonstrated that flowback water salinity and trace inorganic contaminants (e.g., 
Ba, Ra) concentrations increase during early collection time periods and represent a mixture of 
injected water and native brines.  
An area that has not yet received adequate attention is the contribution of water-rock 
reactions in controlling major inorganic, trace metal, and radionuclide concentrations in 
flowback water.  Through a series of batch experiments examining the role of water chemistry 
in promoting element mobilization, Wang et al.20,21 demonstrated that fluid pH and redox 
conditions played a strong role in mobilizing trace elements from Eagle Ford and Bakken 
shales, while temperature and water:rock ratio were of secondary importance. They also 
concluded that sulfate (and As) leaching was largely driven by pyrite oxidation, and the low 
aqueous Ba concentration due to the low solubility of barite (BaSO4(s)).  In another study, 
Dieterich et al.22 observed calcite dissolution, fracture propagation, gypsum precipitation, and 
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also barite precipitation for shale samples interacting with synthetic HF fluids or recycled 
fracturing fluids Ali et al.23 discussed possible mechanisms for sulfate, calcium, magnesium 
mobilization between deionized water and different types of shales including mineral 
dissolution, precipitation and cation exchange with shale.  
To develop a more complete understanding of the factors controlling the chemical 
composition and evolution of HF flowback water, this study investigated the leaching of 
selected elements (U, Ba, As, Sr, Fe, Ca, K, Mg, Na) as a function of varying shale mineralogy, 
HF chemical additives, and system pressure and temperature.  Batch leaching experiments were 
conducted on powdered shale rock samples from two Michigan basins under typical in situ 
temperature and pressure conditions.  Sequential leaching experiments were performed to 
explore the release mechanisms and host phases responsible for leached elements of interest.  
To evaluate the applicability of the leaching experiments to the field, the results were compared 
to flowback water chemistry from a recently completed Utica-Collingwood shale gas well.  
 2.2 Materials and Methods 
2.2.1 Shale samples 
This study examined two shale gas reservoirs in Michigan: Utica-Collingwood and 
Antrim shales. Utica-Collingwood is an emerging shale gas reservoir being targeted for 
production at depths of approximately 3 km in the northern half of Michigan’s lower-peninsula. 
It is comprised of both the Utica shale and the organic-rich Collingwood limestone. Antrim 
shale has been actively produced since the 1980’s but drilling in this reservoir is on the decline. 
Collectively, these three formations provide a cross-section in time of deposition (Middle 
Ordovician to Upper Devonian), reservoir production strategy (high volume slickwater vs. 
nitrogen foam fracturing), and mineralogical composition (typical shale to organic-rich 
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limestone) for studying the influence of HF fluid-shale interaction on flowback water and 
produced brine composition.  
The Collingwood and Utica shale samples were collected at the Michigan Geological 
Repository for Research and Education from drill core material from the JEM Brugger #3-7 
well. The Collingwood samples were taken from depths between 2948-2954 m and Utica shale 
samples from depths between 2940-2944 m. Antrim shale samples were gathered from the 
Thompson 1-27 well at depths ranging between 127-151 m. All shale samples were ground to 
a powder and sieve-separated to achieve an approximately uniform grain size of 425 m. All 
of the powdered shale samples had an initial specific surface area in the range of 1-2 m2/g as 
estimated by the BET method24 with N2 adsorption. Shale mineralogy was determined via X-
ray diffraction, with mineral weight percentages (Table 2.1).  
 
Table 2.1: Shale composition as determined by X-ray diffraction. 
Shale Mineral (wt.%) 
Utica 
Calcite      (3%)        
Ankerite   (8%) 
Illite        (38%)         
Chlorite    (8%) 
Quartz  (19%)                   
Feldspar   (19%) 
Pyrite  (2%)              
Muscovite  (3%) 
Collingwood 
Calcite    (44%)           
Dolomite  (5%) 
Ankerite   (4%)          
Quartz    (11%)  
Feldspar   (5%)            
Pyrite         (1%) 
Muscovite  (2%)  
Illite         (26%)               
Chlorite      (2%) 
 
Antrim 
Ankerite   (3%) 
Quartz     (30%)             
Illite        (38%)               
Chlorite   (14%) 
Muscovite (2%) 
Feldspar   (10%) 
Pyrite         (3%) 
 
2.2.2 Acid digestions and sequential extraction experiments 
Hot nitric acid digestions, complete mineral digestions, and sequential extraction 
experiments were conducted to determine the elemental content of the shale samples used in 
this study. The hot nitric acid digestions were performed using trace metal grade concentrated 
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nitric acid following EPA Method 3050B to determine the maximum amount of 
environmentally available elements from the shale samples. Though this procedure does not 
completely digest the shale sample, it does provide a reasonable assessment of the maximum 
leaching that could occur after hydraulic fracturing. Complete sample digestions were also 
carried out by Activation Laboratories, Ltd using the 4B2-STD method modified from standard 
ASTM D4506 method. A four-step sequential chemical extraction was completed following 
the procedure described by Tessier et al.25 The sequential extraction was designed to assess the 
nature of the trace metals association in five fractions as: water soluble, exchangeable, bound 
to carbonates, bound to sulfide and organic matter, and residual. This procedure was used to 
assign the origin of leached elements of interest to the various accessible mineral phases in the 
shale samples. A full discussion of sequential extraction procedures and results can be found 
in Appendix A section A-2.  
 
2.2.3 Batch experiments 
Shale leaching experiments were conducted with powdered shale material from the 
Antrim, Collingwood, and Utica formations. A 1:1 mix of the Utica and Collingwood was also 
studied, as these formations are targeted simultaneously for shale gas extraction in Michigan. 
The powdered shale samples were brought into contact with various fluid mixtures in a high-
pressure batch reactor apparatus under a range of temperature and pressure conditions. The 
reactor system includes a 600 ml stainless steel high-pressure vessel (Parr Instrument) with 
specialized high-pressure functioning pH, Eh, and reference electrodes (Corr Instruments). A 
fluid sampling port allows for sampling the water phase under pressure and is fitted with a 
sintered metal filter inside the reactor to ensure minimal solids loss when taking samples. Each 
batch experiment was conducted under a nitrogen head space with a shale:water loading ratio 
of 10 g shale to 1 L fluid (estimation of rock/water ratio shown in Appendix A section A-1). 
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The batch reactor was continuously stirred via a magnetic stir bar throughout the duration of 
each ~3-day long experiment. Two grouped temperature and pressure conditions of 10 MPa / 
34°C and 15 MPa / 43°C were evaluated, representing depths of approximately 1 km and 1.5 
km, respectively. Ambient conditions (0.1 MPa / 23°C) were also studied.  
Typical hydraulic fracturing fluids often contain more than 10 different chemical 
additives that serve various functions. This study examined the influence of an acid, gel breaker, 
clay stabilizer, and metal chelator on the release of selected metals and radionuclides from 
Michigan Basin shales.  The four chemical additives and corresponding concentrations for the 
simplified synthetic HF fluid are given in Table 2.2. The concentrations used represent upper-
end usage values for Michigan shale gas wells (data from fracfocus.org). These particular 
additives were expected to have the greatest potential influence on metal ion or radionuclide 
release from shale by either enhancing shale mineral dissolution (e.g., HCl by changing pH or 
ammonium persulfate by changing redox conditions) or by changing adsorption or ion 
exchange properties of targeted elements (e.g., citric acid or choline chloride). 
 
Table 2.2: Hydraulic fracturing fluid chemical additives examined in this study 
Chemical additive Function in 
HF fluid 
Conc. 
(mM) 
HCl  
(hydrochloric acid) 
Acid 30 
(NH4)2S2O8 
(ammonium persulfate) 
Gel breaker 1 
C6H8O7 
(citric acid) 
Iron control 0.64 
C5H14ClNO 
(choline chloride) 
Clay stabilizer 10 
 
2.2.4 Flowback water sampling 
Flowback water was sampled from a recently completed Utica-Collingwood well (State 
Beaver Creek 1-23 HD-1) from the Utica-Collingwood formation at an approximate depth of 
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3 km. Samples were taken 2 hours after the initial flowback was initiated from a port 
downstream of the wellhead but upstream of the storage tank. After the onset of gas production, 
water samples were collected from the separator.  
 
2.2.5 Chemical analysis 
Dissolved metals analysis was conducted on an Agilent 7900 inductively coupled 
plasma mass spectrometer (ICP-MS). For ICP-MS analysis, all samples were filtered through 
a 0.22 m (batch experiments, digestions) or a 0.45 m (flowback field samples) PTFE filter 
and acidified to a pH of 2 using nitric acid. High-purity germanium (HPGe) gamma 
spectroscopy was used to directly measure long half-life radium isotopes in flowback water 
samples. A mixed multiple isotope standard (Eckert & Ziegler 7501) with a density of 1.2 
g/cm3 was used for HPGe calibration. Flowback samples were decanted into 500 ml HDPE 
bottles, with NaCl added as needed to achieve a uniform density of 1.2 g/cm3. The samples 
were then amended with 5% Bacto agar to achieve a uniform suspension. Samples were 
allowed to sit for 21 days in a closed container to ensure 222Rn, the short-lived daughter product 
of 226Ra decay, reached secular equilibrium.  Subsequently, the daughter decay products 214Bi 
and 228Ac were used to measure 226Ra and 228Ra activities, respectively. 
 
 2.3 Results and Discussion 
This study monitored the release of major cations, trace metals, and radionuclides from 
shale samples in contact with simulated hydraulic fracturing (HF) fluids under in situ reservoir 
conditions.  In 51 batch reactor experiments, the extent of element leaching was measured for 
three representative shale mineralogical compositions and three temperature and pressure 
conditions in simulated HF fluids containing various mixtures of four commonly used chemical 
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additives (see Appendix A Table A3-1 for complete list of experiments). The following 
sections discuss the relative impact of the experimental system conditions on the release of 
metals and radionuclides from the shale rocks examined in this study.   
 
2.3.1 Acid digestion and sequential extraction  
Results from the sequential extraction are presented in Figure 2.1 as an extraction 
percentage (mass/mass) compared to the total extractable from the hot nitric acid digestions.  
The colored bars in Figure 2.1 indicate the relative extractability of selected inorganic elements 
(U, Ba, As, Sr, Fe, Ca, K, Mg, Na) from different phases designated as: (1) water soluble phases 
(orange), (2) phases with exchangeable sites (blue), (3) carbonates phases (red), and (4) 
reduced mineral and organic phases (green).   
Per Figure 2.1, As and Fe are bound primarily in reduced mineral and organic phases 
in the shales tested.  SEM observations confirm the presence of framboidal pyrite (FeS2) in all 
shales (see Appendix A section A-4).  Arsenic is typically found in As-bearing pyrite (arsenian 
pyrite: Fe(As,S)2) 26,27 and when As-bearing pyrite is present in shale, the leaching of Fe and 
As by HF fluids should correlate with one another, and with pyrite dissolution, if a low pH is 
maintained, and no other insoluble Fe phases can precipitate.   
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Figure 2.1: Sequential extraction percentages results of different elements (U, Ba, Sr, As, Fe, 
Ca, K, Mg, Na) for three shale samples (Collingwood, Utica, Antrim). 
 
Uranium is also commonly present in shales in reduced mineral phases (e.g., uraninite: 
UO2(s)).  Since U(IV) is much less soluble than U(VI) and organic-rich shales reflect long-
standing reducing conditions, the presence of U(IV) is not surprising.28 Given this, U leaching 
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behavior is expected to be similar to that of Fe and As, which was the case for the Antrim and 
Utica shales (Figure 2.1). However, U was also found to be distributed equally between the 
carbonate minerals and reduced phases in the Collingwood (Figure 2.1). Given the high content 
of calcite (CaCO3) in the Collingwood (Table 2.1), and that (UO2)2+ can substitute for Ca2+ 
within the calcite crystal lattice,29 this too is reasonable. 
The leaching of two major (Ca and Mg) and two minor alkaline earth cations (Sr and 
Ba) was also measured.  Each of these showed extraction percentages in the carbonate phases 
in rough proportion to the presence of the carbonate minerals (Collingwood > Utica > Antrim: 
Figure 2.1).  The alkali elements Na and K were found in a high percentage in the water soluble 
fractions, consistent with their presence in highly soluble phases like chloride or sulfate 
evaporites. Na, K, Ca, Sr, Ba, and Mg were also found in the clay exchangeable fraction, 
consistent with their favorable and reversible exchange with fixed-charge sites of clay minerals.  
 
2.3.2 Influence of in situ T, P, and shale mineralogy on element mobilization 
Element leaching experiments were conducted at three different temperature (T) and 
pressure (P) conditions, two encompassing the range expected for in situ geologic depths of 1 
to 1.5 km (34C /10 MPa and 43C /15 MPa), and one at ambient conditions  (25C / 0.1 MPa) 
for comparison.  Four different shale compositions were investigated, including a 1:1 mixture 
of Utica-Collingwood (UC), Collingwood-only (C), Utica-only (U), and Antrim (A).  The 1:1 
mixture of Utica-Collingwood and Utica- or Collingwood-only compositions were chosen to 
illustrate the impact of the Collingwood limestone in dominating the leaching behavior in the 
Utica-Collingwood formation. The Antrim shale is representative of a shale reservoir with low 
calcite content and stands in contrast to the carbonate-rich Utica-Collingwood shale gas play.  
The Utica, comprised primarily of clay and quartz, is a common shale type, whereas the 
Collingwood limestone represents shale with a relatively high fraction of carbonate minerals 
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(~50%, Table 2.1). As carbonates provide buffering against the potential pH change from the 
presence of strong acids present in HF fluids, the relative carbonate mineral concentration in 
the rock could have a significant impact on the extent of mineral dissolution and element 
leaching.  Since carbonates also dissolve more easily and rapidly compared to clay or quartz, 
carbonate mineral dissolution was expected to be an important variable in controlling the extent 
of element leaching.   
Figure 2.2 shows Ca dissolution from a UC 1:1 mixture in contact with deionized (DI) 
water and a synthetic HF fluid with the four chemical additives (Table 2.2) for three different 
T and P combinations.  As shown in Figure 2.2, elevated T and P conditions in comparison to 
ambient conditions do not promote calcium dissolution for the UC shale mixture.  Although 
elevated T, P conditions can influence solubility and dissolution rates of minerals, calcite 
solubility does not vary significantly under the examined experimental conditions investigated 
(see Appendix A, Table A5-1). Therefore, when carbonate minerals are an important source of 
trace elements, elevated T and P, may not be a controlling factor for trace element leaching.  
Consistent with this, T and P had little impact on the leaching from UC shale of the other 
elements investigated (not shown). 
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Figure 2.2: Leaching of calcium from a Utica-Collingwood 1:1 mixture in contact with DI 
water (open symbols) and the model hydraulic fracturing fluid chemical mixture (full 
composition shown in Table 2.2) (closed symbols. Three different T, P conditions were 
investigated: 25°C, 1 atm (circle); 34°C, 100 atm (triangle); 43°C, 150 atm (square). 
 
2.3.3 Influence of HF fluids on element mobilization 
The HF fluid constituents investigated in this study included an acid, oxidizer, chelator, 
and clay stabilizer. Four different chemical compositions (ultrapure DI water; ammonium 
persulfate and choline chloride; HCl and citric acid, and all four chemical additives) were 
evaluated to assess the impact of different chemical additives individually and collectively on 
element leaching from the different MI shales. For these experiments, the system T and P were 
fixed at 34oC and 10 MPa. The key variables investigated in this leaching study included pH 
(presence or absence of strong acid), redox condition (presence or absence of the oxidizer), and 
buffering capacity (based on differing amounts of carbonates in each shale composition 
studied). 
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2.3.3.1 pH as a key factor for trace element mobilization 
The pH profiles as a function of leaching time for model HF fluid with all four additives 
(Table 2.2) and three shales, respectively, are shown in Figure 2.3a.  For the Collingwood shale, 
the pH quickly increased to ~6.5 within the first half hour.  For the Utica and Antrim shale 
experiments, the pH stayed quite low (~2) for the duration of the experiment leading to higher 
U extraction efficiencies compared to the carbonate-rich Collingwood limestone, which 
quickly obtained a neutral pH (Figure 2.3b).  Approximately 45% of the U in Antrim and Utica 
shale was released after contact with the model HF fluid compared to only in ~20% for the 
Collingwood.  Similar leaching behavior of the other elements investigated in this study was 
observed (Appendix A section A-6), in which a lower pH enhanced element leaching by 
promoting mineral dissolution.  As confirm in this study, and reported recently by others20,21, 
pH is a major factor controlling the release of the trace metal cations.  
 
 
Figure 2.3: pH evolution (a) and extraction percentages (U/Utotal) of uranium (b) from Utica, 
Collingwood and Antrim shale after contact with model HF fluids (full composition shown in 
Table 2) at 1.0 km T, P conditions and a rock–water ratio of 10 g/L. 
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2.3.3.2 Carbonates as a source of pH buffering and trace element release 
The weight fraction of carbonates and other acid neutralizing phases in shale will 
impact its ability to buffer against pH change when strong acid HF fluids are injected into shale 
formations.  To evaluate this influence, the buffer capacity for the shales used in this study was 
estimated. Defining buffer capacity as the effective amount of strong acid that can be 
neutralized30, the buffer capacities of the Collingwood, Utica, and Antrim samples were 
estimated to be 10, 0.4, and 0.1 (mmol-H+/g shale), respectively, assuming calcite in the shale 
is the primary buffering source (Appendix A section A-7).  Figure 2.3a shows the carbonate-
rich Collingwood quickly neutralized the strong acidic HF fluid (pH ~1.2) to a pH of 6.5. When 
the shale lacks sufficient carbonate mineral abundance to effectively neutralize the addition of 
strong acid, such as for the Utica and Antrim shales, the low pH persists and leads to significant 
element leaching (as noted in Figure 2.3b for U; and in section A-6 in Appendix A for the other 
elements monitored).   
In addition to providing pH buffering, carbonate minerals in shale can also be a source 
of trace elements.  Many cations (e.g., Ba, Sr, U) or oxyacids (As) can form solid solution with 
calcite or other carbonate minerals.31  As shown by the sequential extraction experiments in 
this study, 74% of Sr, 43% of U, 30% of Ba, and 5% of As were present in carbonate mineral 
phases in the Collingwood (Figure 2.1, Table A-2). Hence acid-driven carbonate mineral 
dissolution can be a significant source of trace elements in flowback water if strong acidic 
conditions prevail. 
 
2.3.3.3 Influence of redox potential on pyrite dissolution 
Redox potential may also affect the leaching of elements from mineral phases 
associated with shale. Shales created under reducing conditions are typically comprised of 
reduced mineral phases. When exposed to the strong acids and oxidants present in HF fluids, 
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the reduced mineral phases in shale may undergo acid-driven dissolution or acid-assisted 
oxidative dissolution.  Different leaching behavior of Fe and As occurs when exposing Antrim 
shale to various synthetic HF fluid chemical mixtures (Figure 2.4). In the presence of water 
only, no Fe or As leaching occurs. When acid is present, both Fe and As dissolve and increase 
in similar fashion with time. This is consistent with acid dissolution of a reduced arsenic 
bearing Fe(II) mineral such as arsenian pyrite. Similar trends (Appendix A section A-10), but 
with enhanced dissolution, occurred when an oxidizer (e.g., ammonium persulfate) was present 
in the HF fluid.  In the case of pyrite dissolution in the presence of oxygen, an experimental 
redox potential of 593±5 mV at pH=2.5±0.1 was reported.32 This is similar to the 
experimentally measured Eh of ~600 mv at pH 2.2 of the present study (see, e.g., Appendix A 
section A-8).  The measured Eh for Antrim shale ~600 mV at pH 2.2 falls within the Eh-pH 
stability field diagram of dissolved Fe2+ bounded by pyrite and Fe(OH)3 solids (Appendix A 
section A9-1), but above the Eh of ~200 mV of redox couple of pyrite/Fe2+ at pH 2.2. Having 
not yet reached the equilibrium Eh-pH position expected by the presence of oxygen, this 
analysis supports a kinetic control of Fe2+ dissolution of shale in the leaching experiments. 
 
Figure 2.4: Arsenic (solid symbols) and Iron (open symbols) leaching profile of Antrim in 
contact with different chemical additives. 
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A batch Fe2+ leaching experiment using Antrim shale at pH 2.2 shows two distinct 
periods of Fe2+ dissolution, a fast initial Fe release followed by a much slower release (Figure 
A9-3). To model the dissolution behavior, the Geochemist’s Workbench (GWB) dissolution/ 
precipitation rate model was used (Appendix A section A9-2).  According to the results, the 
initial rapid Fe release is fit well assuming a dissolution rate control of an Fe(II)-bearing 
carbonate (e.g., ankerite) in the shale (Figure A9-3).  After the carbonate is exhausted 
(predicted at ~0.5 hrs), the model attributes the Fe(II) release to the slower rate of pyrite 
dissolution (Figure A9-5), with approximately 1/3 of the available pyrite dissolved from the 
shale after 3 days (Figure A9-4). 
Dissolved As follows a similar trend to that of Fe in all Antrim batch experiments 
(Figure 2.4). The strong correlation (R > 0.95) between the ratio of the dissolved concentration 
of As and Fe (Figure A10-1), suggests release from a common host mineral, e.g., arsenian 
pyrite. The addition of oxidizer apparently enhanced pyrite dissolution, leading to slightly 
higher dissolved Fe in the experiments compared to the addition of acid only (Figure 2.4). By 
assuming the higher dissolved Fe came from pyrite dissolution, it is estimated that an additional 
8% of pyrite (0.084g in total) was dissolved due to the presence of the oxidant. Although the 
oxidant promoted some additional pyrite dissolution, the low pH continues to be the main factor 
controlling pyrite dissolution. 
 
2.3.4 Comparison of flowback water with batch experiments results 
A series of flowback water samples from a Utica-Collingwood natural gas well were 
analyzed and compared with the batch experiment results to evaluate the extent to which shale-
HF fluid interactions may contribute to observed flowback water composition. Flowback water 
observations (Appendix A section A-11) show increasing concentration of major cations (Na, 
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Ca, Mg, Fe, Sr) and anions (Cl, Br) during the first ~20 days after which the concentrations 
reach steady values.   
The evolution of dissolved Ba is opposite to that of sulfate (Figure 2.5).  Barite is over 
saturated in all samples (Table A11-1), suggesting that barite solubility may be controlling the 
concentration of dissolved Ba in solution.33 For example, due to its limited solubility, even 
trace concentrations of sulfate will lead to barite precipitation, and when sulfate is in excess of 
Ba, it will control Ba solubility, keeping Ba concentrations very low. Possible sources of sulfate 
in flowback water include soluble sulfate minerals (e.g., anhydrite), persulfate (added as gel 
breaker) decomposition, or pyrite oxidative dissolution.  Secondary mineral precipitation (e.g., 
barite) or sulfate reducing bacterial activity could both decrease sulfate in flowback water, as 
was observed in the flowback water over time (Figure 2.5).  The trend of increasing dissolved 
Ba but decreasing sulfate was also observed in the UC mixture batch experiments (Figure A11-
1). 
 
Figure 2.5: Evolution of barium, sulfate, and radium concentration in flowback water 
sample.  
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Total dissolved Ra and Ba concentration profiles for the first few days of flowback 
water sampling are nearly identical (Figure 2.5). With similar ionic radii to Ba, Ra co-
precipitates with Ba in barite33 likely leading to the similar Ra and Ba concentration trends 
observed in the flowback water. 
The shale/water ratio for the Utica-Collingwood flowback water was estimated to be in 
the range of 0.01-20g/L (discussed in Appendix A section A-1). Compared to the batch 
experiments (with 10g-shale/L-water), much higher concentrations of Br, Na, Ba, Sr, Ca, Mg, 
Fe, Cl, and lower concentrations of sulfate, U and As, respectively, were observed in the field 
samples. The U and As were below the detection limits in the flowback samples (<detection 
limit ~1 µg/L).  Br was not observed in the batch experiments, but was present at concentrations 
on the order of 2000 mg/L in flowback water samples. The presence of Br suggests its presence 
in connate water with an origin from seawater evaporates.14 The various differences difference 
noted above cannot be fully explained by the different shale:water ratio.  In particular, the 
negligible amount of dissolved U and As in all field samples suggests these elements are either 
not readily mobilized through HF fluid:rock interactions in the field compared to the batch 
studies, or more likely that the acid pH is not maintained in flowback water and they are 
reincorporated by precipitation or adsorbed to other oxidized mineral phases in the formation 
(e.g., ferric hydroxide phases).   
Total Ra activity was ~2000 pCi/L (using gamma ray spectroscopy) in the field samples 
but below the detection limit (<1250 pCi/L for ICP-MS measurement) in the batch experiments. 
The longer-lived Ra isotopes (Ra-226 and Ra-228) are decay products of U-238 and Th-232 
that formed hundreds of million years ago and are widely distributed in shale. Shale formations 
are not completely dry and connate water exists before fracturing. In the closed shale formation 
prior to fracturing, all decay daughter products eventually (after ~2 million years) reach secular 
equilibrium34 in both the shale and the associated connate water, which means the 
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daughter/parent activity ratio reaches unity. The Ra-226 and Ra-228 activity levels are similar 
in field samples.  Assuming secular equilibrium, the Ra-226 concentration would be ~1.1 pg/g 
in the UC rock mixture. In batch experiments with a 10 g/L shale:HF fluid ratio, the Ra-226 is 
calculated to be 11.1 pCi/L (11.1 pg/L) in solution, assuming all Ra-226 in the shale is leached 
into solution (see calculation details in Appendix A section A-12). Compared to the relatively 
higher Ra levels often found in one Collingwood well initial flowback water samples (e.g., 
from 1,200 – 4,400 pCi/L), the Ra level in flowback water would be expected to be at least two 
or three orders magnitude lower under reasonable shale:HF fluids ratio, if shale leaching was 
the main source for Ra in flowback water. This difference indicates that the higher Ra level in 
flowback water probably does not originate from short-term shale dissolution occurring in the 
field.  The other popular theory is that connate water might be the main source for high Ra 
activity in flowback water samples. The shale:water (or shale:connate water) ratio depends on 
porosity and water saturation of the formation. By assuming a representative porosity of 5%, 
50% water saturation, and shale rock density as 2.7 g/cm3, the shale:connate water ratio would 
be ~100,000 g/L. This 100,000 g/L agrees with the order of shale/water ratio estimated in 
hydraulically fractured wells by Renock et al.35 This high but realistic ratio provides a more 
plausible basis for high Ra levels observed in actual initial field flowback water samples, even 
after accounting for dilution of the connate water by the HF injected fluid.  
 
2.3.5 Environmental implication 
Results from this study demonstrate that the extent of HF fluid induced leaching of 
trace toxic elements from shale reservoirs is primarily pH driven. Low pH conditions may 
persist in shale without sufficient carbonate mineral content to buffer and neutralize the acidic 
fracturing fluids. Persistent low pH conditions and the use of oxidants in hydraulic fracturing 
fluids may accelerate the dissolution of more recalcitrant minerals and promote leaching of 
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trace toxic elements. Although carbonate mineral dissolution may inhibit acid-driven 
dissolution of other less reactive minerals, it could also serve as a source of other regulated 
contaminants, such as U and Ba that commonly co-precipitated with carbonates.  
Shale minerals are the ultimate source of contaminants observed in flowback waters 
but a majority of these elements in produced and flowback water likely come from shale 
connate brines as a result of long residence time of the brines in contact with the shale prior to 
fracking. Mineral dissolution induced by the injection of HF fluids into shale gas reservoirs is 
likely to important only for those elements that are released relatively rapidly from a carbonate 
phase following hydraulic fracturing completions.  
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Chapter 3 
Impact of Carbonate Dissolution on Arsenic Release during Shale Gas 
Extraction 
3.1 Introduction 
Shale gas extraction by hydraulic fracturing targets organic-rich shale formations that 
are typically found more than 1 km below the surface. These formations are usually hundreds 
of millions of years old and serve as sinks of minor elements such as toxic metals and 
radionuclides including U and Th.1–8 Such elements are often concentrated by precipitation, 
adsorption and complexation to the clay minerals and organic matter within the shale. When 
highly reduced shales are exposed to the acidic, oxic and saline fracturing fluids, the solid 
bound metals and radionuclides can be subsequently mobilized through mineral phase acid 
dissolution or salinity driven ion exchange processes.1,4 Pyrite is a ubiquitous mineral in 
reducing geological environments including in shale formations and known to incorporate trace 
elements such as Co, Ni, Se, Au, and commonly As.9 When oxidants are introduced with 
hydraulic fracturing fluids, reduced phases such as pyrite release associated trace metals by 
oxidative dissolution. Oxidation of pyrite-rich mine tailings leads to acid mine drainage (AMD) 
and contamination of nearby sediments.10 Similarly, other metal sulfide solids present in shale 
can cause water quality impairment when they come in contact with oxygen bearing hydraulic 
fracturing fluids and release associated metals and radionuclides. 
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Chemical and hydrologic factors controlling toxic element release from shale minerals 
during hydraulic fluid-rock interactions can be evaluated by reactive transport models.11 One 
such model, CrunchFlow, covers a range of geological processes in subsurface environments 
including reactive contaminant transport, chemical weathering, carbon sequestration, 
biogeochemical cycling, and water-rock interaction, has been used for this purpose.12–17 Zhang 
et al. (2013) used CrunchFlow to simulate wellbore cement and acid gas (CO2 + H2S) 
interaction under geologic carbon sequestration conditions that results in mineral dissolution, 
porosity change, and the formation of calcite and pyrite.12 CrunchFlow has also been 
successfully applied in a study of the oxidation of sulfide minerals in acid rock drainage.13 
Others have employed more simplified reactive transport models. Offeddu et al.14 used a 1-D 
reactive transport model in column studies to assess the efficacy of passive treatment of AMD 
and find out that Ca released from calcite dissolution, along with the sulfate in solution, led to 
formation of gypsum coatings on the calcite grain surfaces which eventually prevented calcite 
dissolution.14 Deng et al.18 modeled a rock core containing mainly calcite and dolomite in 
contact with a CO2-acidified brine, and captured the development of an altered layer in the 
near-fracture region and the progressive decrease in the dissolution rate of the fast-reacting 
mineral in the altered layer. Cai and Li modeled the accidental release of Marcellus shale 
produced water into a river and found ion exchange reactions with clay minerals in the 
sediments likely controlled the rate and maximum concentration of released cations into the 
river.19 Wen et al. presented a multicomponent reactive transport model of a fractured rock 
(quartz, clay, and calcite) in contact with a CO2-saturated fluids and implicated the lower 
abundance of reactive mineral calcite to be the cause of significant alterations of the fractured 
media.20 This work demonstrated the impact of the mineralogical composition and rate-limiting 
mineral dissolution reactions in the evolution of the complex fractured rock matrix.  
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In general, carbonate minerals in shale play an important role in trace element 
mobilization.21 When exposed to acidic fracturing fluids, if sufficient carbonates are present, 
they may buffer pH near neutral to slightly alkaline values; which tends to minimize element 
leaching for other mineral phases. However, prior work has shown that carbonates can also 
serve as a source of trace elements, with carbonate dissolution potentially contributing directly 
to the elevated concentrations of metals present in produced waters. Batch leaching 
experiments of shale from Michigan (powdered to maximize leaching) in Chapter 2 
demonstrated that maximum element leaching occurs when shale is in contact with an oxic, 
strong acid solution (Appendix B: Figure B1). This included the leaching of arsenic, a known 
carcinogen and natural groundwater contaminant. Sequential extractions were also completed 
to determine which phases in the shale contributed to the release of hazardous elements and it 
was found that ~90% of total arsenic is present within the reduced mineral phases present in 
the shale. Iron showed similar leaching behavior to arsenic indicating arsenic was released 
along with iron, likely from pyrite dissolution. As-bearing sulfides are commonly observed in 
a wide variety of sedimentary environments, often as arsenopyrite (FeAsS) or arsenian pyrite 
(FeAsxS2–x).22,23   
The present study presents results from a core-flooding study where synthetic hydraulic 
fracturing fluid was injected through a saw-cut core of the Collinwood formation, which is an 
organic-rich carbonate that is targeted along with the Utica shale for natural gas production in 
Michigan. Specifically, this study focused on the impact of fracturing fluid components (e.g., 
acid, oxidizers) in promoting toxic element (e.g., As) leaching from the Collingwood core 
sample. Previous leaching study in chapter 2 used pulverized shale samples to maximize the 
accessibility of major solid phase cations and associated minor elements during well-mixed 
batch reactor leaching experiments. To better understand the chemical and hydrologic factors 
controlling major and minor trace element release from an intact rock-matrix, a series of short-
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term (hours to days) flow-through leaching experiments were performed on Collingwood shale 
core samples using representative in situ reservoir pressure and temperature. Results from these 
experiments were used to develop a 2D reactive transport model to explore greater timescales 
and determine rate-limiting controls on mineral dissolution within the shale matrix.  
3.2 Materials and methods 
3.2.1 Shale sample and injected hydraulic fracturing fluid 
The Collingwood core samples for the flow-through experiments were obtained from 
the Michigan Geological Repository for Research and Education. The cores came from the St. 
Allis 2-3 shale play in upper Michigan from a depth of 1.62 km. For the experiments, each core 
was cut in half lengthwise with a diamond saw to create an artificial fracture flow pathway 
through the core. Approximate mineralogy of the cores was determined by averaging energy 
dispersive spectroscopy elemental maps at multiple locations along the exposed fracture 
surface (Figure B2). This analysis indicated the Collingwood cores were comprised of 
approximately 60% calcite, 14% illite, 20% quartz, 1% pyrite by volume. A simplified model 
fracturing fluid was created based on reported compositions of hydraulic fracturing fluids used 
in Michigan shale gas well completions from data available on fracfocus.org. The synthetic 
fracturing fluid consisted of 30 mM hydrochloric acid, 1 mM ammonium persulfate, 0.64 mM 
citric acid, and 10 mM choline chloride.  
 
3.2.2 Flow-through experimental setup 
Core-flooding experiments (setup shown in Figure 3.1) were conducted by pumping 
the synthetic hydraulic fracturing fluids into proppant-packed fractured shale cores (a diameter 
of 2.54 cm, a length of 3.5 cm) under a representative shale gas reservoir temperature of 34°C 
with a confining pressure of 20.7 MPa. Sand was spread between the core halves before 
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recombining the halves and securing them via heat shrink tubing. This procedure created a core 
with an open channel propped with sand grains similar to an in situ hydraulically fracture shale 
fracture with an aperture approximately equivalent to the diameter of the sand grains (~200 
µm). The recombined core was then placed in the core holder and surrounded tightly by a 
rubber confining jacket. Distilled water was introduced inside the reactor to fill the gap between 
the rubber jacket and the reactor walls to establish a confining pressure via a high pressure 
syringe pump (Figure 3.1). Due to the corrosive nature of the synthetic fracturing fluids, they 
were stored in a floating piston accumulator (FPA) and pumped through the core via controlled 
volume displacement of the piston with water from a high pressure syringe pump. Two 
different flow rate schemes were performed: the first experiment (CW#1) was run with a 
constant flowrate of 2.5 ml/hr for ~32 hr; the second experiment (CW#2) incorporated three 
sequential flow steps of decreasing flowrate from 10 ml/hr, 5 ml/hr, and 2.5 ml/hr, respectively, 
for a total reaction time of ~90 hr. Effluent concentrations of selected cations were measured 
by inductively coupled plasma mass spectrometry (ICP-MS). To assess the evolution of the 
fracture geometry after exposure to the acidic fluids, the cores were scanned before and after 
the flow-through experiments using SCANCO medical µCT.24 After the final scanning, the 
fracture was stabilized by filling the core interior with epoxy resin. The resin-filled cores were 
then sectioned perpendicular to the fracture plane in several locations (Figure B3) for further 
analysis by scanning electron microscopy (SEM) and energy dispersive x-ray spectroscopy 
(EDS) to assess physical and chemical changes along the fracture pathway, respectively. 
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Figure 3.1: Simplified schematic of the flow-through experimental setup 
 
3.2.3 2D reactive transport modeling 
A 2D reactive transport model using CrunchFlow25,26 was developed to further assess 
how carbonate dissolution may affect access to less soluble minor mineral phases (such as 
pyrite) embedded within the carbonate-rich shale matrix and impact subsequent release of 
elements from these phases (e.g., arsenic and iron from dissolving pyrite). Figure 3.2 illustrates 
the model domain used for this reactive transport analysis. As shown in Figure 3.2, one half of 
the core was segmented into a uniform rectangular grid with the cells in the first (bottom) row 
lined up parallel with the fracture. For model simulations, at time t = 0, the fluid was assumed 
to be simultaneously introduced into the first row of cells across the entire length of the core. 
Initial shale mineralogy was assumed to be homogenous across all cells except for the fracture 
channel, which was assumed to have 100% porosity. Based on EDS element mapping of the 
domain (Figure B2a), the initial mineral volume fractions were assumed to be 60% calcite, 14% 
illite, 20% quartz, and 1% pyrite, with a porosity of 5%. Note that the localized calcite-rich 
region identified through X-ray computed tomography (XCT) imaging of the actual core 
(Figure B2b) was not captured in this model. In addition to the primary mineral phases, siderite, 
hematite, and goethite were allowed to form as secondary minerals in all cells when their 
solubility was exceeded, based on the computed pH, dissolved iron and carbonate, and the 
redox state (i.e., pe) within each cell at a given timestep.  
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Figure 3.2: Reactive transport model domain 
 
Sequential extraction data (Figure B1 from data in chapter 2), demonstrated that iron is 
present in both carbonate minerals and pyrite within the shale. For the model simulation 
reported here, we choose not to include the iron fraction associated with carbonates and 
assumed that all Fe was extracted from reduced minerals. Jew et al. demonstrated that pyrite is 
the major source of iron when shale comes into contact with hydraulic fracturing fluids.27 As 
such and for simplicity, we assumed that iron and arsenic only come from pyrite dissolution. 
While calcium is released from calcite dissolution under acidic conditions, both acid and an 
oxidant are needed for any significant release of iron and arsenic by oxidative dissolution of 
pyrite. To simulate this, O2(aq) was used as the oxidizing agent in the model input file as a 
substitute for the actual oxidizer present in the synthetic injected fluids (ammonium persulfate). 
For the conversion of Fe(II) to Fe(III) during pyrite oxidative dissolution, two different 
scenarios were tested in CrunchFlow. In one case, rapid oxidation of Fe(II) to Fe(III) by 
molecular oxygen, with redox pe controlled by the O2/H2O couple was assumed (Eq. 3.1). In 
this scenario Fe(II) from pyrite dissolution is immediately oxidized to Fe(III) and precipitates 
as goethite, leaving very little Fe in the effluent; however, this scenario is not in agreement 
with experimental results in which measurable dissolved Fe(II) was present in the effluent.  
𝐹𝑒2+ + 𝐻+ + 0.25𝑂2(𝑎𝑞) = 𝐹𝑒
3+ + 0.5𝐻2𝑂; log (𝐾𝑒𝑞) = 8.49 Eq. 3.1 
For the second scenario, a kinetically controlled oxidation of Fe(II) by molecular 
oxygen was assumed, using the two parallel reactions (one pH dependent and one pH 
independent) per the rate law proposed by Singer and Stumm:28 
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𝑘𝐹𝑒𝐼𝐼_𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 = 10
−5.815𝑎𝐻+
−2 𝑎𝐹𝑒++𝑎𝑂2 + 41.5𝑎𝑂2            Eq. 3.2 
According Eq. 3.2, when pH is below ~3.5 the oxidation rate of Fe(II) is constant, slow, and 
independent of pH, but above pH ~4.5 the oxidation rate increases by two orders of magnitude 
for each unit of pH increase (assuming a PO2 of 0.2 atm).  
Chapter 2 demonstrated that carbonate-rich powdered Collingwood samples could 
substantially neutralize strong pH 2 acid leaching solutions to a pH >5. Similarly, Jew et al.26 
recently demonstrated that shale with high carbonate mineral content could substantially buffer 
pH and significantly enhance the rate of the oxidation of Fe(II) and production of Fe(III) solids. 
In contrast, the effluent pH in the flow-through experiments of this study never exceeded a pH 
of 3 due to the short residence time of injected fluids (1 to ~4 minutes under all flow rates) and 
little to no Fe(II) was oxidized. Because the oxidation of Fe(II) to Fe(III) was negligible and 
only Fe(II) was found in the effluent, Fe(III) species were not included in the reactive transport 
modelling. From speciation modelling, AsH3(aq) and H3AsO3 (As(III) species) are expected to 
be the predominant dissolved arsenic species during pyrite dissolution under the conditions of 
this study. To include arsenic in the model, the pyrite stoichiometry was modified to include a 
small percentage of arsenic based on the previous sequential extraction results in chapter 2, 
with As ≈ 0.028 wt% of Fe in pyrite. Under more oxic and mildly acidic conditions, dissolved 
arsenate species (e.g., As(V) as H2AsO4-) predominate.  
The CrunchFlow model was calibrated by adjusting the cementation exponent and 
mineral surface area to best-fit the effluent profiles from the CW#1 and CW#2 experiments 
(viz., effluent calcium, iron, and arsenic concentration profiles, and the pH profile as a function 
of time). The value of the cementation exponent (m = 1.6) is in line with previous values used 
for this parameter (m = 1.3  ̶ 2.5).29,30 CrunchFlow calculates an effective diffusion coefficient, 
Deff, based on porosity according to Archie’s law ( 𝐷𝑒𝑓𝑓  = 
𝐷0
𝜙−𝑚
 , 𝜙 is formation porosity, 𝐷0 is 
initial diffusion coefficient); dispersion is neglected in this model. Similar to Heidari et. al.31, 
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the specific surface area for minerals embedded in the shale used in this study was set to be 1–
3 orders of magnitude smaller than surface area values measured for powdered minerals31 
(shown in Table 3.1). Heidari et. al. found the reactive surface area of embedded minerals could 
be smaller due to the lack of accessibility of the minerals to the leaching fluids compared to 
powdered samples. The impact of different flowrates on the effluent profile from the CW#2 
experiment was also fit by model parameter adjustment. To account for the initial rapid increase 
in the Ca concentration profile, 1 ̶ 5% calcite was assumed present in the fracture cells as an 
initial condition. The initial Ca pulse in the effluent is believed to be associated with flushing 
of loosely attached calcite particles when the core was exposed to the confining pressure for 
the first time. According to the model porosity estimates, the inclusion of 1 ̶ 5% initial calcite 
in the fracture channel captured well the changes in fracture morphology (i.e., widening of 
fracture aperture) associated with rapid initial calcite dissolution. The final calibrated model 
parameters used in all the simulation are shown in Table 3.1. Mineral dissolution rates were 
obtained from published experimental data.32   
Table 3.1: CrunchFlow model parameters 
Flowrate 10ml/hr, 5ml/hr, or 2.5ml/hr  
pH 1.9 
O2(aq) in injected fluids 8 × 10−4 M  
Porosity 5% 
Domain minerology 60% calcite, 14% illite, 20% quartz, 1% pyrite 
 
 
Mineral 
surface area  
Mineral Literature range 
(m2/g)b 
used in this 
model (m2/g) 
used in Heidari’s 
model (m2/g)b 
illite 42 – 1.37 ×102 c 5.8 6.5 
Calcite 0.0038 – 7.65a 0.002  
pyrite 5.0 × 10-2 – 2.3d 0.01 0.002 
quartz 1.0 × 10-3 – 2.3e 0.2 0.001 
 
 
Mineral reaction-rate 
law32 
𝑅𝑚 = 𝐴𝑚𝑘 (1 −
𝑄
𝐾𝑒𝑞
) 
𝑘𝑐𝑎𝑙𝑐𝑖𝑡𝑒(𝑚𝑜𝑙/𝑚
2/𝑠) = 10−0.3𝑎𝐻+ + 10
−5.81 
𝑘𝑝𝑦𝑟𝑖𝑡𝑒(𝑚𝑜𝑙/𝑚
2/𝑠) = 10−7.52𝑎𝐻+
−0.5𝑎𝐹𝑒3+
0.5 + 10−4.55𝑎𝑂2
0.5 
𝑘𝑞𝑢𝑎𝑟𝑡𝑧(𝑚𝑜𝑙/𝑚
2/𝑠) = 10−13.4 
𝑘𝑖𝑙𝑙𝑖𝑡𝑒 (𝑚𝑜𝑙/𝑚
2/𝑠) = 10−12.75𝑎𝐻+
−0.16 
𝑘𝑠𝑖𝑑𝑒𝑟𝑖𝑡𝑒(𝑚𝑜𝑙/𝑚
2/𝑠) = 10−3.19𝑎𝐻+
0.5 + 10−8.9 
𝑘ℎ𝑒𝑚𝑎𝑡𝑖𝑡𝑒(𝑚𝑜𝑙/𝑚
2/𝑠) = 10−9.39𝑎𝐻+ + 10
−14.6 
𝑘𝑔𝑜𝑒𝑡ℎ𝑖𝑡𝑒 (𝑚𝑜𝑙/𝑚
2/𝑠) = 10−7.94 
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Effective diffusion:  
𝑫𝒆𝒇𝒇 = 
𝐷0
𝐹
 = 
𝐷0
𝜙−𝑚
 
Parameter Calibrated value 
Diffusion coefficient 𝐷0 10
−9 𝑚2/𝑠 
Cementation exponent 𝑚 1.6 
Porosity 𝜙 5% 
a  Subhas, A. V.; Rollins, N. E.; Berelson, W. M.; Dong, S.; Erez, J.; Adkins, J. F. A Novel Determination of  
Calcite Dissolution Kinetics in Seawater. Geochim. Cosmochim. Acta 2015,170, 51–68. 
b  Heidari, P.; Li, L.; Jin, L.; Williams, J. Z.; Brantley, S. L. A Reactive Transport Model for Marcellus Shale      
Weathering. Geochim. Cosmochim. Acta 2017, 217, 421–440 
c  Köhler, S.J., Dufaud, F. and Oelkers, E.H.,. An experimental study of illite dissolution kinetics as a function of 
pH from 1.4 to 12.4 and temperature from 5 to 50 C. Geochimica et Cosmochimica Acta, 2003, 67(19), pp.3583-
3594.  
    Bibi, I., Singh, B. and Silvester, E., Dissolution of illite in saline–acidic solutions at 25 C. Geochimica et 
Cosmochimica Acta, 2011, 75(11), pp.3237-3249. 
    Suzuki-Muresan, T., Vandenborre, J., Abdelouas, A. and Grambow, B., Solution controls for dissolved silica 
at 25, 50 and 90° C for quartz, Callovo-Oxfordian claystone, illite and MX80 bentonite. Physics and Chemistry 
of the Earth, Parts A/B/C, 2011, 36(17-18), pp.1648-1660. 
d  Kameia, G. and Ohmotob, H., The kinetics of reactions between pyrite and O2-bearing water revealed from in 
situ monitoring of DO, Eh and pH in a closed system. Geochimica et Cosmochimica Acta, 2000, 64(15), pp.2585-
2601.  
     Kuechler, R. and Noack, K., Comparison of the solution behaviour of a pyrite–calcite mixture in batch and 
unsaturated sand column. Journal of contaminant hydrology, 2007, 90(3-4), pp.203-220.    
     Liu, R., Wolfe, A.L., Dzombak, D.A., Stewart, B.W. and Capo, R.C., Comparison of dissolution under oxic 
acid drainage conditions for eight sedimentary and hydrothermal pyrite samples. Environmental geology, 2008, 
56(1), pp.171-182.  
     Truche, L., Berger, G., Destrigneville, C., Guillaume, D. and Giffaut, E., Kinetics of pyrite to pyrrhotite 
reduction by hydrogen in calcite buffered solutions between 90 and 180 C: Implications for nuclear waste 
disposal. Geochimica et Cosmochimica Acta, 2010, 74(10), pp.2894-2914. 
e  Bennett, P.C., Melcer, M.E., Siegel, D.I. and Hassett, J.P., The dissolution of quartz in dilute aqueous solutions 
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      Brady, P.V. and Walther, J.V., Kinetics of quartz dissolution at low temperatures. Chemical geology, 1990, 
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      House, W.A. and Orr, D.R., Investigation of the pH dependence of the kinetics of quartz dissolution at 25 
C. Journal of the Chemical Society, Faraday Transactions, 1992, 88(2), pp.233-241. 
 
In CrunchFlow, the governing advection-diffusion-reaction equation for the rate of 
change in the total molar concentration of species i (𝐶𝑖) is expressed as:
18,33 
𝜕(𝜙𝐶𝑖)
𝜕𝑡
= −∇ ∙ (𝒖𝜙𝐶𝑖) + ∇(𝜙𝑫∇𝐶𝑖) − ∑ 𝑣𝑖,𝑚𝑅𝑚
𝑚
                Eq. 3.3 
where 𝜙 is the porosity, 𝐶𝑖 is the concentration of a species i (mol/kg H2O) in solution, 𝒖 is the 
Darcy flux (ms-1), 𝑅𝑚 is the total reaction rate (mol-m
-3s-1) of species i in solution and D is the 
combined dispersion-diffusion coefficient (m2s-1), 𝑅𝑚  is the mineral m 
dissolution/precipitation rate (mol-m-3s-1), and 𝑣𝑖,𝑚 is the stoichiometric coefficient of species 
i in the reaction of mineral m. 
Per Eq. 3.3, the rate of change in mass for each component can be expressed as a 
function of advection, combined dispersion-diffusion and mineral reaction terms, respectively. 
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The specific rate law parameters used for each mineral in the rate term calculations are shown 
in Table 3.1. The mineral dissolution/precipitation rate laws are generally expressed as:  
𝑅𝑚 = 𝐴𝑚 ∑ 𝑘𝑚,𝑇
𝑡𝑒𝑟𝑚𝑠
𝑎𝐻+
𝑛𝐻+ (∏ 𝑎𝑖
𝑛𝑖
𝑖
) (1 −
𝑄
𝐾𝑒𝑞
)             Eq. 3.4 
where 𝐴𝑚 is the mineral surface area (m
2m-3), 𝑘𝑚,𝑇 is the reaction rate constant at a specific 
temperature (mol-m-2 s-1), 𝑎𝐻+
𝑛𝐻+  is the term describing the effect of pH on the rate, 𝑎𝑖
𝑛𝑖 is the 
term describing a catalytic/inhibitory effect on the rate by another species, 𝑄 is the ion activity 
product, and 𝐾𝑒𝑞  is the reaction equilibrium constant. The summation term indicates that 
several parallel rate laws may be used to describe the dependence of a given reaction rate on 
pH or on other species. 
In order to evaluate the relative importance of these three terms (advection, diffusion, 
reaction), non-dimensional parameters including Péclet number (𝑃𝑒) and Damköhler numbers 
(𝐷𝑎) can be applied. Following Steefel et al.33, the Pe and Da numbers are defined as: 
𝑃𝑒𝑔𝑟𝑖𝑑 =
𝑣Δ𝑥
𝐷
           Eq. 3.5 
𝐷𝑎𝐼𝑔𝑟𝑖𝑑 =
𝐴𝑘Δ𝑥
𝜙𝑣𝐶𝑒𝑞
       Eq. 3.6 
𝐷𝑎𝐼𝐼𝑔𝑟𝑖𝑑 =
𝐴𝑘Δ𝑥2
𝜙𝐷𝐶𝑒𝑞
     Eq. 3.7 
where Δ𝑥 refers to the grid spacing at any particular point in space, 𝑣 is local flow velocity, 
and 𝐷 is the diffusion coefficient, 𝐴 is the mineral surface area (m2m-3), 𝑘 is the reaction rate 
constant (mol-m-2 s-1), 𝐶𝑒𝑞  is the solubility of the mineral in moles m
−3. 
The dimensionless grid Péclet number (Eq. 3.5) can be used to assess the relative 
importance of advection vs. diffusion. When the Péclet number is ≫ 1, the advection term in 
the numerator dominates, while for Péclet numbers ≪  1, diffusion is the dominant mass 
transport process. Dissolution of minerals like calcite can lead to an increase of porosity and 
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the effective diffusion (𝐷𝑒𝑓𝑓) coefficient. Similarly, the flow velocity adjusts to changes in the 
flow path, which is affected by permeability changes as minerals dissolve.  
The relative significance of the advection vs. mineral reaction rates can be expressed 
using the Damköhler number 𝐷𝑎𝐼  (Eq. 3.6). A different Damköhler number, 𝐷𝑎𝐼𝐼  (Eq. 3.7) 
describes the relative importance of diffusion vs. mineral reaction rate. For Damköhler 
numbers ≫1, the reaction rate term is much greater than the transport term for a given length 
scale. A large Damköhler number indicates that mass transport is the rate limiting process 
compared to mineral reaction kinetics. A smaller Damköhler number implies that mass 
transport is the more rapid process and therefore reaction kinetics is the rate limiting process 
controlling mineral dissolution and precipitation.  
When advection can be neglected compared to diffusion or chemical kinetics, rate 
expressions can be derived to assess the relative importance of surface-controlled reaction rates 
(Eq. 3.8) vs. diffusion-controlled reaction rates (Eq. 3.9).18,34  
𝑅𝑠𝑢𝑟𝑓 = −𝑘𝑠𝑢𝑟𝑓𝐴𝑟𝑥𝑛(1 −
𝑄
𝐾𝑒𝑞
)       Eq. 3.8 
where 𝑘𝑠𝑢𝑟𝑓 is the surface-controlled rate constant, 𝐴𝑟𝑥𝑛 is the reactive surface area. 
𝑅𝑑𝑖𝑓𝑓 = −𝑘𝑑𝑖𝑓𝑓𝐴(𝐶𝑒𝑞 − 𝐶𝑏𝑢𝑙𝑘) = −
𝐷𝑒𝑓𝑓
𝐿
 𝐴(𝐶𝑒𝑞 − 𝐶𝑏𝑢𝑙𝑘)       Eq. 3.9 
where 𝑘𝑑𝑖𝑓𝑓  is the diffusion-controlled rate constant, 𝐴  is the fracture surface area, 𝐶𝑒𝑞  is 
equilibrium concentration, 𝐶𝑏𝑢𝑙𝑘 is the bulk concentration in the fracture, 𝐿 is the thickness of 
the altered layer.  
For a mixed kinetic control,34 an appropriate overall reaction rate constant can be 
derived (Eq. 3.10) with parameters as previously defined. The combined rate equation 
demonstrates that the slower rate will always dominate and control the overall reaction rate.  
𝑅 = −𝑘𝐴(𝐶𝑒𝑞 − 𝐶𝑏𝑢𝑙𝑘) = 1/(
1
𝑅𝑑𝑖𝑓𝑓
+
1
𝑅𝑠𝑢𝑟𝑓
 )        Eq. 3.10 
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When 𝑘𝑠𝑢𝑟𝑓 > 𝑘𝑑𝑖𝑓𝑓 , the mineral reaction will be mass transport-controlled, while for 𝑘𝑠𝑢𝑟𝑓 <
𝑘𝑑𝑖𝑓𝑓 , the mineral surface reaction will control the overall reaction rate according to Eq. 3.11: 
    𝑘 = 1/(
1
𝑘𝑑𝑖𝑓𝑓
+
1
𝑘𝑠𝑢𝑟𝑓
)         Eq.  3.11 
where 𝑘 is the mixed kinetic rate constant, and 𝑅 is the mixed kinetic rate law.  
3.3 Results and discussion 
3.3.1 Flow-through experiment effluent chemistry  
Effluent profiles for pH, Ca, Fe, and As concentrations from the CW#2 experiment are 
shown in Figure 3.3 (CW#1 results are provided in Appendix B: Figure B7). As shown in 
Figure 3.3, when strongly acidic injection fluids (initial pH ~1.9) were pumped through the 
Collingwood core, the effluent pH increased to a pH value between ~2-3, depending on the 
flowrate (2.5 ml/hr, 5 ml/hr, 10 ml/hr). Even though the Collingwood core has abundant calcite 
(~60%), the short hydraulic residence time and limited exposure of the injected fluids to calcite 
beyond the main fracture pathway led to ineffective buffering by the shale and only small pH 
increase. 
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Figure 3.3: Effluent pH, calcium, iron, and arsenic concentrations as a function of time for 
flow-through experiment CW#2. Red, blue, and green symbols represent experimental data for 
flowrates of 10 ml/hr, 5 ml/hr, and 2.5 ml/hr, respectively.  
 
For each flow rate change in CW#2, the effluent Ca concentration had a short rapid 
increase before diminishing (Figure 3.3b). The initial Ca spike suggests either the release of 
detachable and rapidly dissolving calcite particles or a pulse of dissolved Ca from the pores 
adjacent to the main fracture channel at the initiation of each flowrate change. After the short 
initial spike in Ca concentration, the rate of Ca leaching decreases with time as calcite 
dissolution becomes mass transport limited. As shown in Figure 3.3c and d, As and Fe 
concentration continuously increased in CW#2, regardless of the flowrate, with each 
approaching a plateau value. Pyrite dissolution is the likely source of Fe and As. Eventually, 
as pyrite dissolution and diffusion from small pores reach steady state, the Fe and As effluent 
concentration level off at the lowest flowrate. In general, slower flowrates led to higher pH and 
Ca, Fe, and As concentrations (Figure 3.3). This is attributed to the longer hydraulic residence 
time allowing for greater pH buffering and more time for calcite and pyrite to dissolve and Ca, 
As, and Fe to diffuse into the main channel. 
A comparison of the effluent concentration profiles of Ca, Fe and As in Figure 3.3 
shows much greater Ca release compared to As and Fe. This is consistent with the greater shale 
calcite content and its faster rate of dissolution compared to pyrite. The rapid depletion of 
calcite in direct contact with the main fluid flow channel leads to the creation of depleted 
regions adjacent to the main fracture (shown as altered layers in Appendix B: Figure B4, B5, 
B6) where more slowly dissolving minerals like clays and quartz remain largely intact. When 
calcite becomes significantly diminished in these depleted areas, calcite dissolution slows and 
the effluent dissolved Ca concentration begins to decrease. During this time, pyrite dissolution 
continues to increase, leading to increasing Fe and As effluent concentrations. As and Fe 
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effluent concentrations eventually reach steady-state, likely a result of a combination of slow 
kinetics of pyrite dissolution and slow diffusion of As and Fe from the smaller pores created in 
the altered region into the main flow channel. In this way, faster and greater calcite dissolution 
serves as the major driver for enhancing the accessibility of the more slowly dissolving 
minerals like pyrite within the calcite-rich matrix. 
 
3.3.2 Image analysis results 
A combination of XCT and SEM analyses were conducted before and after the ~32 hr 
CW#1 flow-through experiment to further identify the rate limiting processes controlling the 
dissolution of secondary minerals embedded in carbonate-rich shale. Figure 3.4a illustrates the 
evolution of preferential dissolution pathways formed adjacent to the main fracture channel 
and surrounding regions (represented by the orange rectangle in the figure). As shown, an 
expanding altered layer forms with the appearance of widening fractures adjacent to the 
preferential flow path. Post-experiment XCT/SEM images and EDS mapping of two of the 
growing fractures are shown in Figures 3.4b1 and 3.4b2. Figure 3.4b1 shows a calcite-depleted 
region and exposure of embedded minerals within the dissolving calcite matrix including 
quartz, clay, and pyrite (see also Appendix B: Figure B4, Figure B5) within the dissolving 
calcite matrix. Figure 3.4b2 shows another depleted calcite region from a smaller fracture 
emanating from the main fluid flow channel. Once again, the rapidly dissolving calcite exposes 
the more slowly-dissolving minerals like pyrite (per Fe/As profiles in Figure 3.3c, d; and 
dissolution rates in Table 3.1). As calcite depletion continues, the remaining minerals in the 
depleted zones limit rapid access to fresh calcite regions within the core, which ultimately 
causes effluent Ca concentration to decrease (Figure 3.3b). In turn, acid driven calcite 
dissolution becomes increasingly controlled by the diffusive transport of the acid into and the 
reaction products out of the porous altered region. In contrast, exposure of embedded Fe/As 
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bearing minerals (e.g., arsenopyrite) increase, and both Fe and As effluent concentrations 
increase with time (Figure 3.3c, d). Due to the relatively slower rate of acid driven oxidative 
dissolution of pyrite-like minerals, the leaching rate (~10-7 mol/m2/s) is likely controlled by a 
combination of a surface chemical dissolution reaction and diffusive transport of As and Fe 
into the main flow channel until a steady-state of mass flow in the effluent is achieved.  
 
 
(a) 
(b1) 
(b2) 
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Figure 3.4: Combined XCT (a) and SEM image analysis (b1 and b2) of dissolving fracture 
pathway cross section. Energy dispersive spectroscopy was used for element mapping. 
 
Although SEM images and element mapping show increasing exposure of the clay 
matrix and pyrite grains following significant calcite dissolution, the impacts and amount of 
surface area of pyrite exposed during calcite dissolution remains to be quantified. An attempt 
to do this is presented in the reactive transport modelling section that follows. The model is 
capable of providing estimates of reactive surface area changes of slowly dissolving minerals 
in contact with fluids from the faster calcite mineral dissolution (like pyrite exposure from 
calcite dissolution). From these estimates, surface-area normalized dissolution reaction rates 
for calcite and pyrite can be quantified, as well as the cause and effects of increasing mineral 
contact with the flowing fluid phase through a model sensitivity analysis.  
 
3.3.3 CrunchFlow reactive transport model calibration  
As mentioned previously, the CrunchFlow reactive transport model was calibrated 
using the effluent concentration results for pH and Ca, Fe, and As concentration profiles from 
the CW#1 and CW#2 experiments. Although real shale formations are heterogeneous in rock 
properties like porosity and mineralogy (Figure B14), a homogenous shale core was assumed 
as the model domain for simplicity, with the main goal to capture key cause and effect 
relationships among reactive transport processes. To this end, the model calibration was 
focused on matching the effluent concentration profiles as a function of changing flow 
conditions. Although a rigorous “best-fitting” of the experimental effluent data was not the 
primary objective, an attempt was made to capture the major effluent concentration trends 
through model parameter adjustments. Most of the calibration focused on representing well the 
CW#2 effluent data since it had both variable flow and pH changes within the experimental 
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run. Subsequently, the calibrated model was used to simulate CW#1 effluent data for Ca, Fe, 
and As. Although no effluent pH data was collected during the single flow CW#1 experimental 
run, the pH was calculated as function of time and showed similar trends to the CW#2 for a 
similar flow rate. 
The calibrated model simulations matched reasonably well the overall concentration 
profiles for both CW#2 and most of the CW#1 data (Appendix B: Figure B8). In the case of 
CW#1, the Ca concentration profile data matched up well with the model results, but the Fe 
profile was not as well matched, especially for the beginning times compared with the 
experimental results in which Fe showed an initial spike slimier to Ca.  The differences between 
the model predictions and the experimental effluent Fe concentrations at the early times were 
thought to be due to an initial carbonate release (not captured by the model reactions) at the 
beginning of the flow initiation leading to a concomitant initial spike of dissolved Fe within 
the calcite (consistent with the sequential extraction results for the Collingwood core shown in 
Figure B1). In contrast, the model simulation under predicted the effluent As concentration at 
later times. Arsenic effluent concentration predictions depend on the amount of pyrite specified 
and the assumed concentration of arsenic incorporated within pyrite. Since the model cannot 
account for non-homogenous distributions of As within pyrite minerals and the pyrite itself 
may be unevenly distributed within the core, this could cause the model to under predict As 
release.  
To simulate the impact of sequential and decreasing flowrate changes on effluent 
concentrations in CW#2 experiments, the component masses in each cell at the end of each 
flowrate simulation were used as the initial condition for each subsequent flowrate change. By 
doing this, the model was able to capture well the experimental effluent data trends with 
flowrate change (Figure B8). As in the case for CW#1 simulations, slight differences between 
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the calibrated model simulations and the actual effluent concentrations of Ca, Fe, and As and 
pH profiles from CW#2 were found and could have been due to shale mineral heterogeneity.  
Longer-term simulations were also run to further enhance the applicability of the 
simulations to field time-scales (discussed below). While it is recognized that a model 
calibrated against short hydraulic residence times and laboratory-scale flow-through 
experiments may miss longer time and larger spatial scale processes present in the field, the 
model calibrated at shorter times and laboratory spatial scales can be used to inform about 
general trends in effluent concentration that may occur at larger length when the rate limiting 
processes controlling mineral dissolution may change as the thickness of the calcite depleted 
regions extend further into the shale matrix away from the main flow channel fracture.  
 
3.3.4 Model results and discussion 
The 2D reactive transport model developed in CrunchFlow was used to simulate the 
mobilization of trace elements from the carbonate-rich Collingwood fractured core sample 
exposed to a strong acid injection fluid. The modelling results for a flowrate of 10 ml/hr are 
discussed here. Based on the image analysis (Figure B6) and modelling results discussed above, 
the formation of a depleted calcite altered layer is thought to be the primary basis for the trends 
observed in changing effluent concentrations of Ca, Fe, As and pH as a function of time.  Figure 
3.5a and b illustrate a conceptual model of the formation of two types of altered layers during 
a core-flooding experimental run. During early times of the simulation, the injected fluid flows 
primarily through the main fracture channel (Figure 3.5a). As shown in Figure 3.5b: as calcite 
begins to dissolve, an altered layer, designated as “i”, begins to form with calcite content that 
varies from an initial content of 60% by volume down to 0%; when calcite becomes fully 
depleted in a given cell, an altered layer designated as “ii” with a constant porosity of 65% is 
formed; as the porosity reaches 65%, a substantial increase in permeability and advective flow 
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may result. SEM images together with post reaction XCT (Appendix B: Figure B4, B5d, B6) 
verify the formation of calcite-depleted layers. In Figure 3.5c, the model-estimated thickness 
of layer i first increases and then levels off demonstrating calcite dissolution first leads to 
increasing exposure of calcite up to ~50 hr but then reaches a steady-state thickness. This is 
consistent with calcite dissolution rate kinetics controlling Ca effluent concentration initially 
until diffusive transport takes over at longer times. In contrast, the altered layer ii thickness 
continues to increase as the calcite in layer i becomes completely depleted and is converted 
into layer ii with a porosity of 65%. Figure 3.5c shows the change in average thickness of the 
two altered layers over time. The continuous increase in the thickness of altered layer ii leads 
to greater exposure of pyrite within the shale (results shown in Table 3.2). Table 3.2 also 
demonstrates that the total reactive pyrite area is mainly contributed by pyrite area inside 
altered layer ii after ~100hr, which means pyrite inside layer ii can represent total pyrite 
dissolution after ~100hr. This observation is used in the following discussion. 
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Figure 3.5: Altered layer formation schematics: (a) Initial domain condition with no altered 
layers at 0 hr; (b) Final domain condition with altered layers adjacent to flow path at 100 hr. 
The blue area indicates the fracture channel, while grey circles represent calcite and orange 
circles represent pyrite. Blue arrows symbolize fluid flow through the domain. (c) Thickness 
of altered layer i and layer ii as a function of time. 
 
Table 3.2: Summary of pyrite mineral surface area.  
Time (hr) 
Reactive pyrite 
area (m2) 
Pyrite area inside layer ii 
(m2) 
𝒑𝒚𝒓𝒊𝒕𝒆 𝒂𝒓𝒆𝒂 𝒊𝒏𝒔𝒊𝒅𝒆 𝒍𝒂𝒚𝒆𝒓 𝒊𝒊
𝒕𝒐𝒕𝒂𝒍 𝒓𝒆𝒂𝒄𝒕𝒊𝒗𝒆 𝒑𝒚𝒓𝒊𝒕𝒆 𝒂𝒓𝒆𝒂
  (%) 
30 0.000191 9.89E-05 52 
50 0.000360 0.000215 60 
100 0.000554 0.000417 75 
200 0.000576 0.000576 100 
500 0.00166 0.00166 100 
 
As mentioned previously, the Péclet number describes the relative importance of 
advective vs. diffusive transport. The averaged grid-scale Pe number for all model cells inside 
altered layers i and ii were calculated according to Eq. 3.5 (with individual Pe numbers shown 
in Figure B9) and are plotted as a function of time in Figure 3.6. In the first ~10 hrs of the 
simulation, the Pe numbers in the grid cells of altered layer i are < 1 indicating diffusion 
dominates mass transport in and out of the cells. As the porosity increases in layer i, mass 
transport becomes advection-dominated after the first few hours (10 to ~150 hr) as indicated 
by the Pe numbers > 1. After ~20 hr, the Pe number inside altered layer i begins to decrease 
with time with the concomitant development of the calcite-depleted region, layer ii. The 
reduction in Pe number towards 1 indicates the increasing importance of diffusive transport 
compared to advection at later times. After ~150 hr, the thickness of layer i levels off as the Pe 
number decreases to < 1. This further reduction in the Pe number indicates diffusion becomes 
the dominant mass transport process controlling calcite dissolution inside layer i as the layer 
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attains a steady-state thickness. Figure 3.6 also shows the Pe number in layer ii continuously 
decreases throughout the simulation and approaches a value of 1 where both diffusion and 
advection are of equal importance. As expected, the Pe numbers of layer ii grid cells are always 
larger than layer i due to the larger porosity of layer ii (ϕ = 65% by definition and devoid of 
calcite) compared to layer i (5% < ϕ < 65%).  
 
Figure 3.6: Averaged Péclet number of cells inside altered layer i and ii. 
 
The relative significance of the advection/mineral reaction rate and diffusion/mineral 
reaction rate can be expressed using 𝐷𝑎𝐼 in Eqn. 3.6 and 𝐷𝑎𝐼𝐼  in Eqn.3.7, respectively (Figure 
B10). For calcite dissolution both 𝐷𝑎𝐼 and 𝐷𝑎𝐼𝐼  for altered layer i are >>1, as shown in Figure 
3.7b. These large Damköhler numbers indicate that calcite dissolution kinetics is much faster 
than rate of mass transport. Since the slowest rate term determines the overall mineral 
dissolution rate, the two large Damköhler numbers indicate calcite dissolution is primarily 
controlled by mass transport. The grid-specific Da values (Figure B10) are larger and cover a 
wider range for calcite dissolution in layer i (DaI, 500hr = 10-3 to 109; DaII, 500hr = 10-3 to 106) 
compared to pyrite dissolution in layer ii (DaI, 500hr = 0.1 to 103; DaII, 500hr = 0.1 to 104). The 
range of Da values at different time steps are given in Table 3.3. In layer i, the high value of 
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the Da numbers for both calcite and pyrite indicate that diffusive mass transport is controlling 
their dissolution rates in this layer. Since region i has lower porosity compared to layer ii, mass 
transport controls the dissolution rate in this region for both calcite and pyrite. However, in 
layer ii, which is completely depleted of calcite, there are regions where slow pyrite dissolution 
kinetics is demonstrated to be the rate limiting process controlling pyrite dissolution (layer ii: 
DaI, 500hr = 0.1 to 103; DaII, 500hr = 0.1 to 104). After ~100hr of flow, nearly all of the reactive 
pyrite is present within the layer ii revealing that pyrite dissolution is influenced by both mass 
transport and surface chemical dissolution processes. The overall high Da numbers for calcite 
dissolution in most grid cells, indicate mass transport primarily controls dissolution rates.  
           
Figure 3.7: (a) Damköhler numbers for pyrite dissolution in altered layer i and ii; (b) 
Damköhler number for calcite dissolution in altered layer i. 
 
Table 3.3: Ranges of DaI, DaII, and Pe numbers in layers i and ii for calcite and pyrite. 
  30 hr 50hr 100hr 500hr 
Layer i 
5%<porosity<65% 
DaI for calcite 10-3 – 107 10-2 – 107 10-3 – 107 10-3 – 109 
DaII for calcite 10
-2 – 106 10-2 – 106 10-2 – 106 10-3 – 106 
Pe 10-2 – 100 10-2 – 10 10-3 – 10 10-4 – 10 
DaI for pyrite 10
-1 – 105 10-1 – 105 10-1 – 106 10-1 – 106 
DaII for pyrite 10 – 104 1 – 104 1 – 104 10 – 103 
Layer ii 
Porosity=65% 
DaI for pyrite 1 – 103 0.1 – 103 0.1 – 103 0.1 – 103 
DaII for pyrite 10 – 104 1 – 104 1 – 104 0.1 – 104 
Pe ~10 ~10 1 – 10 0.1 – 10 
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Based on analysis of the Pe number over time, it is clear that the diffusion term becomes 
more important compared to advection in layer i at later times. When advective mass transport 
becomes negligible compared to diffusion, a combined mixed-kinetic control34 relationship can 
be used for comparing the relative importance of surface-reaction kinetics versus diffusion 
control of effluent concentrations per Eqn. 3.10 and 3.11. The slower of the two rate terms in 
Eqn. 3.10, or the corresponding rate constants in Eqn.3.11, determines which of the processes 
controls dissolved species effluent concentration. For calcite dissolution, 𝑘𝑠𝑢𝑟𝑓,𝑐𝑎𝑙𝑐𝑖𝑡𝑒  and 
𝑘𝑑𝑖𝑓𝑓  in layer i are plotted at 500hr in Figure 3.8, showing that 𝑘𝑠𝑢𝑟𝑓,𝑐𝑎𝑙𝑐𝑖𝑡𝑒 ≫ 𝑘𝑑𝑖𝑓𝑓 . This 
confirms that diffusion is the rate limiting process controlling calcite dissolution after 500hr of 
flow. 
 
Figure 3.8: Surface-controlled reaction rate constant 𝑘𝑠𝑢𝑟𝑓 and diffusion-controlled reaction 
rate constant 𝑘𝑑𝑖𝑓𝑓  for calcite dissolution at 500 hr. 
 
Model effluent pH and concentration of Ca, Fe, and As as a function of time up 1000 
hr of simulation are presented in Figure 3.9. Similar to the experimental data trends shown 
earlier in Figure 3.3 for up to 100 hr of flow, the effluent Ca concentration shows an initial 
sharp increase and then decreases with time. An initial increase in pH corresponds to buffering 
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of the acidic solution by carbonate mineral dissolution at early times, which is consistent with 
the initial spike in Ca shown in Figure 3.9b. Per the Pe and Da number analysis discussed 
previously, the decline in Ca concentration after ~20 hrs is due to diffusive mass-transport 
limitations on calcite dissolution associated with the growing thickness of the depleted layers 
limiting access to remaining calcite within the shale matrix. In contrast, Fe and As effluent 
concentrations show a more gradual increase over the first ~400 hrs of simulation followed by 
a slow decrease at longer times. The increase in Fe and As effluent concentration is due to the 
increasing exposure of embedded pyrite in layer i initially at earlier times. However at longer 
times, as the thickness of layer ii increase pyrite dissolution is affected by a combination of 
reduction of pyrite reactive surface area and enhanced diffusive/advective transport process of 
pyrite allowing it to become nearly completely depleted in layer ii and only allowing very slow 
diffusion dissolution products out of layer i. The combined effects lead to the decrease of Fe 
and As effluent concentrations at the much longer times (1000 hr) simulated in Figure 3.9 
compared to Figure 3.3 (100 hr). 
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Figure 3.9: Model effluent pH and Ca, Fe and As concentration as a function of time at a 
flowrate of 10 ml/hr. 
 
According to the mineral saturation index and volume data (model results shown in 
Figure B11), only calcite and siderite (FeCO3(s)) approach equilibrium in the altered layers i. 
In contrast, pyrite and illite are significantly under-saturated. Since the rate of calcite 
dissolution kinetics is much faster than the diffusive mass transport in grid cells within the 
altered layers i, the Ca effluent concentration is controlled by mass transport in and out of these 
cells, as noted earlier. For minerals like pyrite and illite, the surface-dissolution reaction rates 
are generally much slower than calcite. As such, the effluent concentrations of the species 
resulting from their dissolution (e.g., Al, Si) might be expected to be primarily controlled by 
the slower dissolution reaction rates of these minerals. However, the effluent concentration of 
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species from pyrite dissolution (e.g., Fe and As) are enhanced by higher mineral surface 
exposure with time and also limited by diffusion/advection transport as a result of their lower 
content and low equilibrium solubility. As such, even as effluent Ca concentration decreases 
with time due to its much faster dissolution and depletion, the effluent concentrations of Fe and 
As from pyrite dissolution continue to increase with time (Figure 3.9) as more pyrite surface 
area is exposed in region ii up to about 300 hr, after which it begins to diminish over longer 
times as slower transport processes begin to limit mineral dissolution.  
 
3.3.5 Model sensitivity analysis 
A model sensitivity analysis was performed to further assess the impact of mineral 
composition, injected fluid chemistry and flowrate on As and Fe mobilization from pyrite 
dissolution. In particular, variation in the calcite and pyrite content of the Collingwood shale 
as a function of the three different flowrates used in the experimental study were evaluated to 
see whether such changes would alter the conclusions drawn from the simulations of the 
experimental results previously discussed. Similarly, variations in pH and pe were considered 
in the sensitivity analysis to determine whether they would significantly impact the extent of 
leaching of Fe from pyrite and As from As-bearing pyrite in shale.  
 
Calcite content: Effluent Ca and As concentration profiles were generated from model 
simulation runs for variable calcite content (5%, 10%, 15%, 30%, 60% by volume) at a flowrate 
of 10 ml/hr with results shown in Figures 3.10b and d. As shown, higher calcite content 
generally leads to enhanced calcite dissolution and higher Ca effluent concentration resulting 
from a faster rate of dissolution as evidenced by the increasing slope of the Ca concentration 
profile vs. time (Figure 3.10b). However, calcite dissolution was slightly faster (greater slope) 
for a calcite content of 30% compared 60% as evidenced by the arrival of the peak 
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concentration are earlier times for 30% content as shown by the inset in Figure 3.10b. This was 
due to the acidic injection fluid maintaining a lower pH for the 30% compared to 60% calcite 
(Figure 3.10a and inset). In Figure 3.10c and d, higher calcite content leads to higher As and 
Fe effluent concentrations. Higher calcite content allows for a greater rate of exposure of pyrite 
and depletion with time in region ii (shown as thickness of altered layer ii in Figure 3.12). In 
addition, greater calcite depletion (greater porosity) leads to higher advective/diffusive 
transport in the altered layers, which further enhances pyrite dissolution and promotes As 
mobilization. 
 
Figure 3.10: Model results (effluent pH, calcium, iron and arsenic concentration) at a 
flowrate of 10 mL/hr and variable calcite content (5%, 10%, 15%, 30%, 60%). 
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An analysis of the Pe numbers provides an explanation for the Ca dissolution trends 
with respect to changes in calcite content. Pe numbers >> 1 indicate dominance of advection 
compared to diffusive mass transport. A value closer to 1 indicates the combined influence of 
advection and diffusion in controlling mass transport of aqueous speices in and out of the grid 
cells. As shown in Figures 3.11a, b, and c, Pe numbers < 10 are found in altered layer regions 
i and ii for all calcite contents examined (e.g., 5%, 30%, 60%).  Except for the highest calcite 
content of 60%, when the Pe number is near 10 in altered layer ii initially before decreasing to 
a value near 1 after 500 hr, the Pe number is  1 in both altered layers i and ii. This indicates 
advection can play a role in mass transport when calcite content is high. At a calcite content of 
5% (Figure 3.11a), the average Pe number is always < 1 for both layers i and ii, indicating that 
slow diffusion is always dominating mass transport when calcite content is low. When the 
calcite content is low the porosity change is also small (from 5% to 10%), resulting in an 
effective diffusion coefficient that remains relatively small and constant throughout the 
simulation time.  
 
Figure 3.11: Model averaged Péclet number of cells inside altered layer i and ii at variable 
calcite content: a) 5%, b) 30%, c) 60%. 
 
The specific grid DaI and DaII numbers for calcite dissolution (at 500 hr) as a function 
of calcite content are shown in Figure B12. The large Damköhler numbers are in line with prior 
results that demonstrate calcite dissolution kinetics are much faster than mass transport rates. 
  
74 
  
Advective mass transport becomes negligible compared to diffusion at 500 hr in layer i, 
with 𝑘𝑠𝑢𝑟𝑓,𝑐𝑎𝑙𝑐𝑖𝑡𝑒 ≫ 𝑘𝑑𝑖𝑓𝑓. In general, these results are consistent with the previous simulations 
that demonstrate the importance of diffusive transport in controlling the rate of calcite 
dissolution and the resultant Ca effluent concentration over time.  
The changes in the thickness of altered layers i and ii are plotted in Figure 3.12 as a 
function of calcite content. As calcite content increases, the thicknesses of layers i and ii 
increase slightly, but does not change significantly with calcite content. Figure B13 shows the 
penetration of the layers into the shale along the length of the core. When calcite content 
increases from 5% to 30%, the maximum penetration of the dissolution front into the shale 
matrix increases with calcite content near the reactor inlet and then slowly decreases along the 
length of the model domain. As the calcite content increases from 30% to 60%, the penetration 
depth of the altered layer is slightly less at the inlet for higher calcite contents due to greater 
pH buffering. As a result, a more rapid increase in the Ca effluent concentration occurs for the 
30% compared to 60% calcite content at early times. Both Da numbers for pyrite dissolution 
inside layer ii are smaller when calcite content is higher. As discussed previously, higher calcite 
content leads to a greater increase in advective and diffusion transport within the calcite 
depleted regions, as well as higher As effluent concentration associated with pyrite dissolution. 
Smaller Da numbers also demonstrate how at later times surface-controlled pyrite dissolution 
becomes more and more important for As release. Greater exposure of pyrite and faster mass 
transport process associated with higher calcite content and subsequent increases in matrix 
porosity combine to promote more rapid pyrite dissolution and As leaching. 
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Figure 3.12: Thickness of altered layer i and layer ii as a function of time at variable calcite 
content (5%, 30%, 60%). 
 
Pyrite content: Simulations of the impact of pyrite content from 1–3% over 1000 hr on As 
effluent concentration are shown in Figure 3.13. Higher pyrite content leads to higher effluent 
concentration of arsenic at all times. In all cases, As effluent concentration increases with time 
up to a broad peak region followed by a slower decrease of As with time. A more rapid increase 
to a higher value of effluent As concentration with time occurs as the pyrite content increases 
and more pyrite is exposed to injected fluid. Although not shown, higher O2 content leads to 
an even greater increase in the pyrite dissolution rate for a given pyrite content. The Pe numbers 
for these simulations are the same as those previously mentioned, viz., Pe numbers < 10 (Figure 
3.6), with advection and diffusive limited mass transport of mixed importance in the altered 
layers i and ii.  The Da analysis is also similar to what was described previously at a calcite 
content of 60% (Figure 3.7) in which a combination of surface reaction and diffusive mass 
transport controls the Fe and As effluent concentrations at longer times over the narrow range 
of pyrite content (1 ̶ 3%) simulated. Both DaI and DaII numbers for pyrite dissolution in layer 
ii decrease with the increase of pyrite content shown in Table B1, which highlight the 
importance of surface-controlled pyrite dissolution reaction. 
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Figure 3.13: Model results effluent arsenic concentration at a flowrate of 10 mL/hr and variable 
pyrite content (1%, 2%, 3%). 
 
Fluids characteristics:  As shown in Table 3.1, the pyrite reaction rate is a function of oxygen 
concentration when no Fe(III) is present in this system. Higher O2 levels and lower pH both 
theoretically lead to higher pyrite dissolution. However, higher O2 content does not necessarily 
lead to higher effluent iron concentration since higher O2 content also result in faster Fe(II) 
oxidation and the formation of insoluble Fe(III) precipitates like goethite. Model results at 
variable injected fluids pH values are shown in Figure 3.14. Only the lowest pH value of 1.9 
of the injected fluids leads to substantial calcite and pyrite dissolution with trends consistent 
with previous simulations at this pH.  However, once the injection fluid pH reaches 3 and above, 
leaching of Ca, Fe, and As becomes low, and at pH values of 4 and above, no significant change 
in Ca, Fe or As effluent concentrations from low values is observed with time and distance 
along the domain length in Figure 3.14. Only the calcite in direct contact with the main channel 
dissolves, albeit minimally, which leads to the low effluent concentrations of Ca, and low 
effluent concentration of Fe, and As from the pyrite embedded in the calcite.  
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Figure 3.14: Model results (of effluent pH, and calcium, iron and arsenic concentrations) at a 
flowrate of 10 mL/hr and variable injected fluids pH (1.9, 3, 4, 5, 6). 
 
Different flowrate:  The impact of flow rate on effluent pH and concentration of Ca, Fe, and 
As is shown in Figure 3.15. In general, higher flowrate, leads to the maintenance of lower pH 
and Ca, Fe, and As effluent concentration. Lower flow rates allow greater calcite dissolution 
(Figure 3.15b), greater pH buffering (Figure 3.15a), and more pyrite exposure, which results 
in higher Fe and As effluent concentrations (Figures 3.15c and d). At the slowest flowrate of 
2.5 ml/hr, the Ca effluent concentration increases rapidly and then levels off to a steady-state 
value. In contrast, the Fe and As concentrations increase more gradually but eventually reach 
a near steady-state value before decreasing slightly at the longest run time.   
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Figure 3.15: Model results (effluent pH, calcium, iron and arsenic concentration) at variable 
flowrate (10 mL/hr, 5 mL/hr, 2.5 mL/hr).  
 
Based on Da dimensionless number analysis (not shown), at the highest flow rate 
condition, Ca, Fe and As effluent concentration are primarily limited by mass transport 
limitations out of the altered regions. Similar to previous discussion, the slight decrease for Fe 
and As at the longest times, results from the decreased diffusive mass transport at these longer 
times. Pyrite dissolution is more and more controlled by surface-controlled reaction under 
slower flowrates; Fe and As concentration keeps increasing with time instead of decreasing at 
higher flowrates (shown in Figure 3.15c and d). For the two faster flowrates of 5 and 10 ml/hr, 
the Ca effluent concentration increases initially until reaching a peak value and then decreases 
with time with a greater overall decrease at the highest flowrate. Per the Pe number analysis 
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shown in Figure 3.16, the lower Pe values for the slowest flowrate of 2.5 ml/hr compared to 
the flowrate of 10ml/hr indicate the increasing importance of diffusive vs. advective mass 
transport control of mineral dissolution as the flow rate decreases. Also, similar to early 
discussion (Figure 3.6), the averaged Pe grid numbers decrease with time (Figure 3.16) for a 
given flow rate indicating diffusion mass transport limitations prevail at longer time periods.  
 
Figure 3.16: Averaged Péclet number of cells inside altered layers i and ii at two different 
flowrates (2.5 mL/hr, 10 mL/hr). 
 
 
3.4 Conclusion 
The reactive transport model developed in this paper assesses the importance of 
carbonate mineral dissolution as it relates to mobilization of toxic elements such as As in 
carbonate-rich shale in contact with oxic acidic fluids. The model was calibrated based on two 
core flooding experiments and simulation results agree well with experimental data. This model 
tracks the mineral dissolution front, demonstrates and quantifies the formation of two distinct 
altered shale layers adjacent to the fracture pathway, and allows for evaluation of rate limiting 
controls of mineral dissolution. The non-dimensional number discussion results demonstrate 
that calcite dissolution is mainly diffusive mass transport limited, while the dissolution of pyrite 
embedded within calcite-depleted layers of the shale is controlled by a combination of surface 
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reaction rate and mass transport limitations. The fast dissolving calcite affects the accessibility 
of slowly dissolving mineral like pyrite, increases mass transport process, exposes more pyrite 
area, and then subsequently enhances As mobilization.  
Higher carbonate content in shale formations lead to higher effluent As concentration. 
A smaller overall Pe number indicates diffusion dominates mass transport over the entire 
experimental timeframe at lower calcite content. Narrower Da number ranges for calcite 
dissolution have been observed in formations with higher calcite content. When calcite is at 
smaller initial concentrations calcite dissolution contributes less to changes in porosity and 
effective diffusion change flow of acidic fluids and calcite dissolution is mass transport-
controlled. The thickness of altered layer ii increases with calcite content when calcite is less 
than 30% of the shale composition. However, the thickness of the altered layer i is similar or 
even smaller at higher calcite content when calcite content is higher than 30%. The altered 
layer ii thickness can directly affect pyrite exposure area and As leaching. Diffusive mass 
transport will be enhanced because of the higher porosity that can be achieved at higher calcite 
content after the shale formation becomes calcite depleted with time. The larger exposure of 
pyrite together with faster diffusion process associated with higher calcite content results in 
enhanced As mobilization. In addition to higher calcite content, higher pyrite content, and 
lower pH and lower flowrate of the injected fluid can all lead to an increase As leaching.   
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Chapter 4 
Estimating Radium Activity in Shale Gas Produced Brine 
4.1 Introduction 
The accumulation of naturally occurring radioactive materials (NORM) in wastewater 
from oil and gas production has been recognized by the industry since the early 1930s, but the 
potential for harmful exposure from NORM in such waste streams did not gain significant 
attention until the mid-1980’s when Ra-226 was detected in mineral scale.1,2 Ra mineral scale 
may form in downhole and aboveground piping, sludge, sand, and produced water, with 
produced water representing the largest source of NORM waste from shale hydrocarbon 
extraction. Ra-226 and Ra-228 comprise the majority of the NORM in produced water and can 
be concentrated during mineral scale formation through co-precipitation with barite (BaSO4(s)). 
The subsequent potential for radiation exposure from Ra and its decay products in produced 
brine water and barite residues is of primary concern.3 Proper management of produced wastes 
is essential for preventing NORM contamination of freshwater resources from shale gas 
production. When the Ra radiation levels exceed safe exposure limits for NORM,4 produced 
wastewater treatment and sludge disposal options will largely be driven by the Ra regulatory 
radiation limits. 
Organic-rich shale deposits are known to have inherently higher radioactivity than 
typical rock formations and production of elevated levels of NORM in flowback wastewater 
from shale gas production, typically quantified in terms of Ra isotopes, has been reported.5–8 
This is confirmed by gamma-ray log counts that show elevated readings for radioactive 
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potassium (K), thorium (Th) and uranium (U) in organic-rich shale formations.9 High K and 
Th radioactive counts in shale typically reflect the high clay content, while the presence of 
relatively high counts for U is often indicative of its association with the reduced organic matter 
in targeted shale formations.10 In this case, U remains trapped within the shale in a reduced, 
highly insoluble and immobile U(IV) form.  In contrast, in oil and gas reservoirs comprised 
primarily of limestone, U is often present in its oxidized form U(VI) and primarily held within 
the CaCO3(s) crystal lattice, with UO22+ substituting for Ca2+.11   
Naturally abundant radio isotopes of U (U-238) and Th (Th-232) are present in most 
targeted reservoirs, leading to elevated amounts of their decay products including Ac, Ra, Bi, 
Po, Rn, Pb (decay chains shown in Appendix C Figure C4).12 Rn is a gas and can be easily 
released to the atmosphere during production activities. In contrast, Ac, Pb, and Po form very 
insoluble solid phases and tend to remain in the formation associated with solid phases during 
oil and gas production.4,13,14 The Ra isotopes (e.g., Ra-226 and Ra-228 with relatively long half-
lives of 1500 yr and 5.75 yr, respectively) have higher solubility15 and are more likely to be 
present in produced brines returning to the surface. As an alkaline earth divalent cation, Ra(II)’s 
chemical properties closely resemble barium (as Ba(II)), the element above it in Group 2 of the 
periodic table. As such, Ra(II) radioisotopes will accumulate in barite-scale that forms on 
wellbore pipes or in solid waste.14,16  
Over the past decade, new unconventional horizontal drilling technology together with 
hydraulic fracturing has extracted large quantities of natural gas in the United States.17 Along 
with the successful energy production, the TENORM (i.e., technology enhanced NORM 
concentrations) in liquid and solid wastes have been of particular concern.4,18,19 Total Ra levels 
in produced waters range from below the detection limit to radioactive concentrations as high 
as several thousand pCi/L.6,7,20,21 Associated barite-scale sludge waste, which can incorporate 
Ra,22 may contain as much as several thousand pCi/g after condensation.14 Compiled Ra 
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content data for oil and gas field produced water in the Northern Appalachian Basin show that 
Ra concentration in produced water increases with increasing salinity.6 Higher Ra 
concentrations were also found in Marcellus produced water compared to conventional oil and 
gas wells, also likely due to the high total dissolved solids (TDS) content of the produced 
water.6 An investigation by Warner et al.8 indicated that the effluent discharge from a facility 
treating Marcellus produced water led to high bromide concentrations in surface water and 
enhanced Ra concentrations in the associated sediments. The Ra adsorption to river sediments 
was thought to be enhanced by the salinity decrease of the wastewater effluent that occurred 
upon mixing with the surface water.8  A recent study by Lauer et al.23 also indicated that the 
disposal of treated conventional oil and gas wastewaters can lead to higher Ra activity in stream 
sediments at centralized waste treatment facility disposal sites. Nelson et. al4 used the 
theoretical Bateman model24 to calculate the total radioactivity in produced fluids including Ra 
and Ra decay products, assuming the system is closed to the release of gaseous radon. This 
model predicted that decay products can contribute to an increase in total NORM levels. 
However, this model focused on calculating total radioactivity based on Ra isotope activity in 
produced fluids and did not seek to connect Ra activity in produced fluids with the original 
shale composition or the produced water composition (e.g., TDS or sulfate concentration). In 
another study, Nelson et al.25 investigated the partitioning behavior of NORM in Marcellus 
produced fluids and found that the levels of heavier alkaline earth metals (Ba, Sr) are stronger 
predictors of dissolved Ra(II) than ionic strength alone. A RESRAD (RESidual RADioactive) 
model was used by Zhang et. al26 to assess the radiation dose equivalent and associated health 
risk from Marcellus shale flowback water in storage impoundments. Further development of a 
method for estimating Ra activity in shale gas wastewaters would be of substantial value if it 
could provide an a priori estimate of the potential for high Ra activities in produced brine based 
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on measurable parameters such as U, Th content in shale, shale cation exchange capacity (CEC), 
and TDS and sulfate concentration.  
As indicated above, Ra originates from the decay of parent radionuclides present in the 
shale that formed several hundred million years ago. Because U-238 and Th-232 are the most 
abundant and stable isotopes for U and Th (with half-lives of 4.5 and 14.5 billion years, 
respectively), they remain in measurable amounts in shale today. The rate-determining, slowest 
decay step is the first one (U-238 and Th-232 decay), which is several orders of magnitude 
slower than the following steps in the decay chain. When the time interval is longer than 2 
million years steady-state is achieved,15 with all isotopes in the decay chain at equal activity. 
This steady-state condition in a decay chain is known as secular equilibrium (per Appendix C 
section C-4). When Ra isotopes have reached secular equilibrium, inorganic elements in shale 
reservoirs are highly reduced. The formation brine water is high in TDS. Under these 
conditions, the main processes responsible for mobilizing Ra between the reduced rock matrix 
and formation water are thought to be alpha-recoil, chemical leaching by formation brine, 
adsorption/desorption by ion exchange, and possibly, co-precipitation of Ra in solution with 
barite, depending on the concentration of sulfate.13 Sulfate in the formation brine may come 
from gypsum dissolution, pyrite oxidation, and/or remnant marine waters, while sulfate can be 
lost via SO4 microbial reduction or mineral precipitation.27 Compared to groundwater, notably 
low levels of sulfate were reported in several Devonian organic-rich shale and sandstone 
formation water samples.27 
Although high-purity germanium (HPGe) gamma spectroscopy has been proven to be 
a reliable approach to measure Ra activity in shale gas produced brines,21 this method is limited 
by the available sample size, long preparation time, detector efficiency, and available counting 
time. Zhang et al.28 developed a method that combined inductively coupled mass spectrometry 
(ICP-MS) with solid-phase extraction to separate and purify radium isotopes from the matrix 
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elements to obtain rapid Ra-226 activity measurements with a relative standard deviation of 
15%. In the current study, a simpler approach was developed to measure Ra-226 also using 
ICP-MS by matching the matrix of the measurement standards to that of the produced brine 
samples. This measurement provided for rapid Ra-226 analysis compared to traditional time-
consuming measurements via HPGe gamma spectroscopy. 
The overall goal of this work was to develop a simplified predictive model to estimate 
the Ra activity in produced brine by linking the shale U and Th content together with CEC to 
Ra activities in produced water of variable TDS and sulfate composition. To do this, the Ra 
activity and TDS were measured in produced brines from several formations, including the 
Antrim and Utica-Collingwood formations from the Michigan basin as well as the Marcellus 
shale, which is currently the largest shale play in the shale gas industry.22 Shale U and Th 
content can be estimated based on spectral gamma-ray well logs. Given that the respective ages 
of the Antrim, Utica/Collingwood, and Marcellus formations are 359−383 Ma and 
444−458/458−470 Ma, and 384 Ma; a model assumption of secular equilibrium is reasonable 
and Ra content in a shale can be estimated based upon the U and Th content of the shale. Finally, 
assuming that co-precipitation of Ra with barite or ion exchange of Ra by clay minerals in shale 
are the primary processes controlling produced water Ra activity, this work develops an 
empirical relationship for estimating Ra-226 activity as a function of shale U content and brine 
TDS as a first order screening tool to identify shale formations were Ra in TENORM waste 
streams may reach activities of concern. 
4.2 Materials and methods 
4.2.1 Shale samples 
Shale samples from Antrim and Utica-Collingwood formation for this study were 
collected at the Michigan Geological Repository for Research and Education. Antrim shale 
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underlies the uppermost Devonian formation, the Ellsworth shale, in the Michigan Basin. 
Antrim shale samples were gathered from the following wells: Thompson 1−27 well at depths 
ranging between 127−151 m; State Chester 18 well at four intervals between 457−506 m; and 
St. Otsego Lake #9-15 at depth of 462−489 m. The Utica-Collingwood formation is a natural 
gas reservoir comprised of the Utica shale and the organic-rich Collingwood limestone. It is an 
emerging shale gas reservoir located in the northern Lower Peninsula of Michigan at a depth 
of ~3 km. The Collingwood and Utica shale samples were collected from drilled core material 
from the JEM Brugger #3-7 well. The Collingwood samples were taken from depths between 
2948−2954 m and Utica samples from depths between 2940−2944 m. The Marcellus shale 
sample was collected from an outcrop near Bedsford, Pennsylvania. Shale sample compositions 
were obtained by X-Ray diffraction (XRD) (see Appendix C section C-5 Table C3). 
 
4.2.2 Flowback and produced water samples 
Flowback water was sampled from the Utica-Collingwood State Beaver Creek 1-23 
HD-1 well. Samples were withdrawn starting at 2 hours after the initial flowback from a port 
downstream of the wellhead but upstream of the storage tank. After the well was brought into 
production (~2 weeks), water samples were collected from the separator. Produced water 
samples from 17 Antrim wells were also collected. All field samples were filtered through 0.45 
µm PTFE filters and then stabilized by the addition of nitric acid to a pH < 2 prior to analysis 
of major cations by an ICP-MS. The major anions were obtained by ion chromatography (IC) 
using filtered but not acidified samples.  
 
4.2.3 Shale digestion and chemical analyses 
Complete digestion of the shale samples was conducted by Activation Laboratories Ltd 
(ON, Canada) using the 4B2-STD method29 to obtain U and Th data for several Antrim, 
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Collingwood and Utica samples. Dissolved metal analyses in field water samples were 
conducted on an Agilent 7900 ICP-MS. Anions including chloride, bromide, and sulfate were 
measured by IC. ICP-MS and HPGe gamma spectroscopy (following methods of Nelson et 
al.21) were used to directly measure long half-life radium isotopes in the field water samples. 
Rapid ICP-MS method is established by adding 100g/L Cl- to all Ra-226 standard to match 
high salinity sample matrix. The average calibration curve is shown in Figure C2. The HPGe 
gamma spectroscopy detector was calibrated by counting a mixed multiple isotope standard 
(Eckert & Ziegler 7501) to establish efficiency curves for HPGe and covered an energy range 
from 60 to 1836 keV. This standard was specially ordered to have a density of 1.2 g/cm3 in 
order to be representative of the density of the high salinity water samples. Flowback samples 
were decanted into a 500 mL HDPE bottle and adjusted to a density of 1.2 g/cm3 using NaCl. 
A 5% Bacto agar powder was then added to form a homogeneous suspension.21 Samples were 
held for 21 days in a closed container to ensure the short-lived Rn daughter product of Ra-226 
decay reached secular equilibrium. The daughter decay products Bi-214 and Ac-228 were used 
to estimate total Ra-226 and Ra-228, respectively. During each sample counting, gamma 
emissions were measured for 100,000 s for the field samples and 200,000 s for blanks run 
between field samples. GenieTM 2000 software30 was used to estimate the Ra activity.  
 
4.2.4 Ba adsorption/desorption experiments 
Adsorption/desorption experiments were performed to better understand Ra 
mobilization mechanisms. As mentioned earlier, U and Th levels are higher in shale gas 
reservoirs compared to normal rock samples. However, even so, Ra levels are often at trace 
levels (pg/g level) and below detection typical in the shale quantities (e.g.,1−10g) used for 
laboratory-scale experiments. When Ra becomes concentrated in solid phases such as barite 
(e.g., several hundred pCi/g31), potential health concerns can arise from radiation exposure, and 
  
92 
  
in such cases special handling may be required for conducting laboratory experiments or 
disposing of solid phase residues. Because the Ra activities in our selected shale samples were 
too low to monitor, Ba was used as a surrogate for Ra. Ba is expected to have similar adsorption 
affinity to Ra for exchange sites, based on ionic radii for Ba and Ra (e.g., 1.42 Å and 1.48 Å, 
respectively).32 Also, since Ba was in higher concentration in our shale samples and is non-
radioactive, it could be measured conveniently by ICP-MS. Ba adsorption experiments were 
conducted using powdered Collingwood, Utica, Antrim, and Marcellus shale samples to 
establish adsorption isotherm. Samples were contacted with different concentrations of Ba to 
determine the CEC for each shale. Each set of desorption experiments was also conducted by 
exposing the Ba-loaded shale to varying TDS concentrations. This was done to determine the 
amount of Ba that could be released from the shale as a function of initial Ba loading conditions 
and TDS.   
4.3 Results and discussion 
4.3.1 Validating U, Th estimates from spectral gamma-ray well logs 
The long half-lives of U-238 (4.5 billion years) and Th-232 (14 billion years) ensure 
that their content in the Collingwood, Utica, Antrim, and Marcellus shale are the same today 
as when the shale formed millions of years ago. Given this, it is possible to estimate the total 
Ra-226 and Ra-228 activities generated by decay if the activity of U-238 and Th-232 can be 
accurately measured. Even though it is unrealistic to assume U and Th concentrations remain 
constant throughout a formation, spectral gamma-ray well logs may serve as a good first-order 
approach to estimate the U and Th content for a given shale reservoir at a given depth (e.g., per 
Appendix C Section C-2). To confirm this, spectral gamma-ray well logs within the targeted 
shale region of the Antrim formation were obtained and compared to actual U and Th 
concentrations obtained from digestion of the shale samples. In particular, two shale samples 
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from the Antrim interval (458 m, 475 m) with higher U content and two samples (503 m, 506 
m) with low U content were chosen to compare the U and Th content determined by the total 
digestion measurement versus the gamma-ray log estimation method (Table C2). According to 
Blum et al.33, spectral gamma-ray log estimates for U and Th are expected to have errors on 
the order of ~35% and 23%, respectively, compared to actual total shale content. As shown in 
Table C2, the differences between measured and gamma-ray log estimated values are within 
the range of error provided by Blum et al.33, suggesting that gamma-ray logs can be used to 
reasonably estimate an average U and Th concentration for a given shale formation.  
 
4.3.2 Rapid analysis of Ra activity via ICP-MS 
Although HPGe gamma spectroscopy (HPGe-GS) has proven to be an effective 
approach for measuring Ra-226 and Ra-228 in hydraulic fracturing flowback water21, the time-
consuming sample preparation and long waiting time (~21 day) required to achieve secular 
equilibrium are not ideal for rapid, routine analysis. As a result, an ICP-MS method was 
evaluated for determining Ra-226 activity with the goal of developing a faster approach for 
measuring Ra activities in shale gas waste fluids. The details of this approach and a sample 
calibration curve are provided in the Appendix C (Section C-3). 
To compare the two analytical methods, Ra-226 activity was measured by both ICP-
MS and HPGe-GS for flowback water from the Collingwood and Antrim formations. In the 
case of the Collingwood flowback water, samples were taken starting from early well 
production up to about 20 days to follow the changes in the flowback water Ra activity with 
time. Results from HPGe-GS show that total Ra activity (Ra-226 and Ra-228) peaked at around 
8−12 days from the start of flowback (~4500 pCi/L), and reached steady state after 20 days 
(~2200 pCi/L) (Figure C3). It was also found that Ra-226 correlated well with total radium, 
indicating that Ra-226 could serve as a suitable estimate for total Ra assuming a proper ratio 
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factor with Ra-228. In contrast to HPGe-GS, the ICP-MS measurement of Ra-226 did not 
perform well at high salinity (e.g., 150−230g/L chloride)/low Ra activity (e.g., <1000 pCi/L) 
samples like those from Collingwood flowback water (Figure 4.1a). However, the ICP-MS 
measurement results were in good agreement with HPGe-GS for Antrim produced water 
samples that had lower salinity and higher Ra activity (Figure 4.1b). Figure 4.1b shows a 
positive correlation between dissolved Ra-226 activity and increasing salinity from the 
different Antrim wells. The results from both ICP-MS and HPGe-GS for the Antrim water 
measurements were also in good agreement. Although the ICP-MS method provides a more 
rapid analysis (e.g., same day results and samples can be run without the preprocessing steps 
and equilibration time needed for HPGe-GS), the ~1250 pCi/L detection limit (Figure C2) of 
the ICP-MS analysis is more than ten times higher than the HPGe-GS method. Nonetheless, 
since many produced water samples fall within the ICP-MS method operational range with 
respect to salinity and Ra-activity, ICP-MS analysis will often be a more efficient method for 
measuring Ra in flowback water samples. 
 
 
Figure 4.1: Ra-226 activity in Collingwood (a) and Antrim (b) produced water measured by 
ICP-MS and HPGe-GS.  Error bars represent standard deviation of three measurements. 
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4.3.3 Ra activity in produced brine  
As discussed previously, the primary Ra isotopes (Ra-226, Ra-228) in shale come from 
decay of U-238 and Th-232. Using equations 4.1 and 4.2 below, Ra-226 and Ra-228 activities 
can be calculated in source rocks according to secular equilibrium theory (Appendix C section 
C-4).15  
 [𝐑𝐚 − 𝟐𝟐𝟔] = 𝟑. 𝟓𝟖 × 𝟏𝟎−𝟕[𝑼 − 𝟐𝟑𝟖]        (4.1) 
 [𝐑𝐚 − 𝟐𝟐𝟖] = 𝟒. 𝟏𝟏 × 𝟏𝟎−𝟏𝟎[𝑻𝒉 − 𝟐𝟑𝟐]     (4.2) 
Typical ranges of U (1−13 ppm) and Th (2−47 ppm) concentrations in source rock show 
that shales, especially black shales, tend to have higher U and Th content than carbonate rocks 
or sandstone.34 For example, Marcellus shale has an average U concentration of 26 ppm,35 
while a typical sandstone formation has a U concentration of  0.45 ppm.36 Since the Ra isotopes 
in formation brines originate from U and Th in the rock, produced water samples from 
Marcellus shale (up to 18,000 pCi/L) should be higher in Ra than that from non-Marcellus 
shale formation in the Northern Appalachian Basin (up to 6700 pCi/L) given its relative 
enrichment in U and Th compared to typical shales.6  
Once Ra source activities in shale are estimated from U, Th content following equations 
4.1 and 4.2, the rock/water effective contact ratio between shale and formation water is needed 
to predict Ra activity in formation water. The actual rock/water ratio can be calculated using 
the formation’s porosity and the water saturation, which can be obtained from well logs 
(Appendix C section C-1). Using this approach, the average rock/water ratios for three 
formations (Appendix C section C-1) were estimated to be ~140,000 g/L (with a high of 
~180,000 for Marcellus and a low of ~90,000 for Antrim). The measured Ra 228/226 ratio for 
produced brine from the Collingwood and Antrim formations (Figure C5) were in good 
agreement with the calculated U/Th ratios for the shales (0.81 for Antrim and 0.1 for Marcellus, 
Table C1).  
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Finally, to estimate Ra activity in produced water, the amount of extractable Ra from 
the shale needs to be known (or assumed). Using a rock/water ratio of 140,000 g/L and 
assuming that 0.001−5% (with 5% considered as an upper bound34) of the total Ra-226 in shale 
can be extracted by formation water, the Ra-226 activity as a function of U content from 0−30 
ppm in shale was calculated (Figure 4.2). For comparison, measured Ra-226 activities in Utica-
Collingwood and Antrim produced water samples, and Marcellus water compiled from other 
studies6,21,37,38 are also plotted in Figure 4.2. As shown in Figure 4.2, the wide range of Ra-226 
activity found in produced water samples (from ~10−15,000 pCi/L), which vary by more than 
three orders of magnitude, cannot be explained simply due to the differences in the U content 
of different shales, which typically only vary over a range of 0−30 ppm (U content for the three 
formations is given in Table C1). Nor can it be explained by assuming a range of other typical 
rock/water ratios (Figure C1). This indicates that other factors must contribute to cause the 
wide variation of measured Ra activity in shale gas wastewaters.  
 
Figure 4.2: Predicted Ra-226 activity as a function of potential total Ra present in the shale for 
a given shale U content. Symbols represent produced water sample data from the Utica-
Collingwood (triangle), Antrim (diamond), and Marcellus (square). 
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The U content and rock/water ratio used for the calculations presented in Figure 4.2 
provide an upper limit for Ra-226 activity in the different formation waters. As such, additional 
possible parameter values or Ra sinks need to be considered in order to account for the more 
than three orders of magnitude variation in Ra content of Antrim and Marcellus shale produced 
water (Figure 4.2). Adsorption/desorption processes between formation water and shale 
minerals will influence the mobility of Ra and may help to explain the range of measured Ra(II) 
concentrations. In particular, the differences in the clay and organic content in shale, which 
provide adsorption sites for cation exchange, could cause differences in the amount of Ra(II) 
in produced waters among different shales due to competition between Ra and other cations 
for adsorption sites. This competitive adsorption/desorption process is discussed further in the 
following section. 
 
4.3.3.1 Influence of shale cation exchange capacity 
Clay mineral and solid organic matter components of shale with primarily negatively 
charged surface functional groups can adsorb and remove positively charged ions (e.g., Ca(II), 
Mg(II), Sr(II) and Ra(II)) from shale formation water. The CEC (meq/100g) of a shale is a 
measure of the number of exchangeable cation sites per 100g dry rock at a given pH value. The 
CEC depends primarily on clay type and content, and solid phase organic matter. The primary 
clay minerals present in shale, in general, are kaolinite, illite, smectite, chlorite, and kaolinite.  
These  minerals have CEC values, respectively, on the order of 1−10, 10−40, 80−150, and <10 
meq/100g.39 Based on the clay type and content, the calculated CEC (Table C4) for shales used 
in this study was: Collingwood (6.5 meq/100g) < Utica (9.5) < Antrim (10) < Marcellus (11.4). 
These are similar to the average CEC measured by Staub40 of 5.9±1.36 meq/100g for Marcellus 
and 3.5±1.08 meq/100g for Utica.  
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The clay mineral CEC does not necessarily reflect the total or actual reactivity of the 
clay. For example, some cations bind more strongly than others, and some cations may be in 
inaccessible sites and subsequently, less exchangeable.41 As such, the narrow range in CEC of 
the clays in this study suggest that inorganic clay minerals alone may not be a major contributor 
to the range in measured Ra activity in formation water.  In general, the order of 
exchangeability of common cations for clay exchange sites has been reported as Li+ < Na+ < 
K+ < Rb+ < Cs+ and Mg2+ < Ca2+ < Sr2+ < Ba2+.42 
  In addition to clay minerals present in shale, solid phase organic matter is also present 
and adds to the total CEC. The organic content of shale considered in this work is shown in 
Table C5 in which organic matter CEC ranges from ~200−300 meq/100g.39 The Utica-
Collingwood formation has lower TOC compared to the Antrim and Marcellus shale (Table 
C5). The measured CEC for several Marcellus shale samples are lower than CEC calculated 
based on clay type and content.43 Given this, the contribution of organic matter to CEC is 
considered to be negligible. Quantifying the accessible Ra exchange sites (clay plus organic) 
in different shale samples is more important than accurately estimating the total clay CEC for 
all cations present. To do this, the amount of Ra that could adsorb was estimated by using Ba 
as a proxy. Adsorption of Ba by the Antrim, Marcellus, Utica and Collingwood shales is shown 
in Figure 4.3. The uptake of Ba conforms to Langmuir isotherm adsorption behavior, with an 
initial steep increase in adsorbed Ba with increasing barium concentration in solution leading 
to a maximum plateau value (akin to the CEC) at high Ba solution concentration. According to 
Figure 4.3, the Marcellus and Collingwood samples have similar, but relatively lower, 
estimated Ba maximum uptake values compared to the Utica and Antrim. The estimated CEC 
of Marcellus (2 meq/100g-shale, Table C4) from Figure 4.3 is nearly one order of magnitude 
lower than the value calculated based on clay content (11.4 meq/100g, Table C4), but still 
within the CEC range from a previous study.43,44 The Ba CEC values for the Antrim, Utica, 
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and Collingwood are close to the estimates based on clay mineral content (Table C4).  The 
relatively small differences in the shale CEC cannot account for the several orders of magnitude 
Ra activity variation measured in produced water from the Antrim and Marcellus shale 
formations. 
 
Figure 4.3: Estimated shale cation exchange capacity based on Ba adsorption titration. 
 
4.3.3.2. Influence of formation water salinity 
Another component of formation water that can impact dissolved Ra is the TDS value, 
which reflects the concentration of dissolved salts in the water. High TDS often indicates 
extremely high concentrations of monovalent Na+ as well as relatively high concentration of 
divalent cations including Ca2+, Mg2+, Sr2+, and Ba2+, which may compete with Ra2+ for the 
cation exchange sites in the shale matrix. For a given shale formation, Ra activity in formation 
water has been found to be positively correlated with TDS.6 As TDS increases, Ra2+ is thought 
to increase in the produced water as a result of being outcompeted for exchange sites by Na+ 
and divalent cations. To verify this, experiments were conducted to quantify the amount of Ba 
(again serving as a proxy for Ra) desorbed from shales as a function of increasing TDS with 
NaCl concentrations ranging from 0.1– 5 M.  As shown in Figure 4.4, an upper bound of 
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desorbed Ba is achieved with increasing NaCl concentration, representing the total amount of 
Ba that can be desorbed from the shale samples. Interestingly, the Marcellus shale had the 
highest amount of Ba desorbed while Collingwood had the lowest (Figure 4.4), even though 
the Marcellus CEC was found to be the lowest among the different shale samples of this study. 
This suggests the Marcellus had exchange sites with higher affinity for Ba. Overall, the small 
range of values for maximal desorption (from ~2 to 7 ug-Ba/g-shale) suggests the differences 
in Ba (and by proxy Ra) uptake and desorption is not that different among the shale samples 
investigated. 
 
Figure 4.4: Ba desorbed from four different shales as a function of increasing NaCl 
concentration. 
 
The TDS levels of produced brines can vary by three to four orders of magnitude within 
the same formation such as the Marcellus shale.20 By plotting dissolved Ra-226 activity vs. 
TDS for samples of Antrim produced brines (Figure 4.5a), a clear positive correlation between 
Ra activity and TDS in produced brines. The linear regression fit of the Antrim produced water 
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data is given in Equation 4.3 (R2 = 0.98) and is shown in Figure 4.5(a) as a solid black line. A 
theoretical correlation in Equation 4.4 can be used to describe Ra-226 activity as a function of 
U content, CEC, and TDS. Based on the closeness in values of CEC among the Marcellus, 
Collingwood and Antrim samples (the average CEC for the range of samples tested), direct 
inclusion of CEC in the empirical correlation given by Equation 4.4 was neglected. Equation 
4.5 was then developed based on linear coefficient from the Antrim correlation (Equation 4.3) 
and the average U content of the Antrim formation. The resulting equations 4.5 can be used be 
predict Ra activity in produced waters based primarily on known TDS of the formation water. 
 
                     log(Ra-226 (pCi/L)) = 1.35log(TDS (mg/L)) – 3.03    (R2=0.98)                  (4.3) 
             log(Ra-226)=a*log(TDS)-b*log(CEC)+c*log(U content)+d                           (4.4) 
         log(Ra-226 (pCi/L)) = 1.35log(TDS (mg/L)) + log(U content (mg/g)) - 4.44      (4.5) 
 
 
Figure 4.5: Correlation of Ra-226 activity with TDS for produced water samples from the (a) 
Antrim, (b) Collingwood, and (c) Marcellus formations. 
 
The Collingwood has a lower U content than the Antrim shale and this contributes to 
the observed lower Ra activity at similar TDS levels compared to the Antrim brine samples. 
Equation 4.5 is plotted by using average Collingwood U content in Figure 4.5b together with 
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flowback water Ra-226 activities from a single Collingwood well in this study. The solid green 
line in Figure 4.5b matches with Collingwood samples well, which supports that equation 4.5 
can be used to predict Ra-226 activity on known TDS of flowback water. For Marcellus shale, 
a typical range of U content is 1 to 50 ppm35 and is used to bracket the scattered Marcellus 
water data shown in Figure 4.5(c) following application of Equation 4.5. Because the Marcellus 
brine data are gathered from the literature from spatially dispersed wells of varying depths, 
there is much greater variance in CEC and U content of the shale associated with these samples. 
This leads to the greater degree of scatter in these data and results in a poorer correlation 
between Ra activity and produced water TDS for the Marcellus samples. Even so, there is still 
a clear indication that increasing TDS correlates with increased Ra activity in Marcellus 
produced brine.  
TDS is the strongest predicator of Ra activity and can largely account for changes of 
over three orders of magnitude in Ra activity. The average Marcellus samples, with generally 
higher CEC and greater adsorption capacity for removing Ra from water, have lower Ra 
activity than Antrim produced water samples with similar TDS (Figure 4.5c and 4.5a). Future 
efforts could more explicitly incorporate shale CEC into estimates of produced brine Ra-226 
activity by starting with Equation 4.4 for shales that may have a significantly lower or higher 
CEC than the three shales used here.  
 
4.3.3.3. Influence of sulfate 
Barite precipitation may also impact Ra activity in produced brine due to Ra co-
precipitation with Ba in (Ba,Ra)SO4(s).45 Typical sulfate levels in shale formation waters are 
quite low (~1ppm or below detection limits measured in this study). Sulfate concentration is 
also often well below that of Ba, suggesting that sulfate is limited by barite solubility and the 
reducing conditions expected to be found in organic-rich shale reservoirs. Growth of sulfur 
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oxidizing bacteria after introduction of oxic hydraulic fracturing fluids into the shale is often 
inhibited through the use of biocides,46 so sulfate production from sulfide mineral oxidation 
after hydraulic fracturing is unlikely to produce enough sulfate to promote significant barite 
precipitation and concomitant removal of Ra from shale brines.  
Plotting Ra-226 activity and TDS of Antrim produced water samples (Figure C6) 
reveals a clear positive trend with one notable outlier: an Antrim sample with far lower Ra-226 
activity (highlighted in red) than indicated by the trend line. It is noted that this outlier and had 
much higher sulfate levels (62.3 ppm, Table C6) compared to all the other Antrim samples (<2 
ppm, Table C6). This indicates that in some exceptional cases sulfate may be at high enough 
concentration to influence Ra activity through removal via sulfate-promoted barite 
precipitation. As such, sulfate concentration should be monitored during initial reservoir 
assessment to be sure that barite precipitation can be ruled out as a potential control on Ra 
activity in produced shale gas brines (and to assess whether scaling problems from barite 
precipitation in wells are likely to be of concern). 
4.4 Environmental implications 
This study provides a simple predictive tool for estimating Ra activity in shale gas 
produced waters. Ra activity in produced brine is a function of the U content, Th content, and 
CEC of a given shale, as well as the TDS and sulfate concentrations of the formation water. 
TDS, together with sulfate, has been shown to be the key factor for predicting Ra activity in 
produced brine for a given shale composition. The strong correlation between TDS and Ra 
activity in produced water samples from two different shale formations was used to develop 
and validate an empirical equation for estimating the expected Ra activity in shale gas produced 
brines (Equation 4.5). The U content of a target reservoir can be reasonably obtained via 
spectral gamma-ray well logs and formation water TDS is often known or can be easily 
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measured. Given this information, the linear correlation developed here provides a direct 
method to predict Ra activity in produced brines prior to shale gas production. Knowing a 
priori which wells are likely to produce brines with elevated Ra activity could help to optimize 
wastewater treatment and disposal strategies for future shale gas plays and serve to reduce 
hazards associated with the handling of shale gas derived TENORM waste streams. 
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Chapter 5 
Concluding Remarks 
The goal of this dissertation was to provide a comprehensive understanding of the 
potential to mobilize trace elements and radionuclides due to water-rock interactions between 
shales and HF fluids. This objective was achieved through a combination of experimental 
observations, field sample comparisons, image analyses, and geochemical modelling.  
Batch experiment results in Chapter 2 demonstrated that low pH conditions caused by 
the addition of strong acids in synthetic HF fluids had the largest impact on element 
mobilization. The addition of oxidants, often added as gel-breakers in HF fluids, further 
enhanced the dissolution of reduced mineral phases such as pyrite, and concomitant release of 
As and U. For pulverized shale samples in this leaching study, all minerals are always under 
maximum accessibility and interact efficiently with HF fluids. Under such conditions, 
carbonate mineral dissolution was found to buffer the pH and thereby lower the potential of 
the strong acids to promote element leaching of other less reactive non-carbonate minerals. 
However, carbonates were also shown to serve as a source of trace elements. This portion of 
trace elements can be released from the shale matrix during carbonate dissolution. Compared 
to powder samples used in the batch experiments to study maximum element leaching potential, 
the core flooding experiments in Chapter 3 examined the role of mass transport limitations and 
mineral spatial heterogeneity in controlling mineral dissolutions processes.  
In order to assess the effect of carbonate mineral dissolution on As leaching, two core 
flooding flow-through experiments were carried out and a reactive transport model was 
developed to explore longer timeframes and spatial domains. When HF fluid is continuously
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injected through the carbonate-rich core, mineral dissolution is controlled through a 
combination of mineral surface reaction and element mass transport processes. During the flow 
through experiments substantial carbonate mineral dissolution occurred along the fracture 
pathway and was coincident with an increasing rate of As release over time. Post-reaction SEM 
analysis demonstrated the co-occurrence of calcite-depleted regions and the exposure of pyrite 
at the fracture face. These observations indicate that fast erosion of calcite by the acidic HF 
fluids increases the accessibility of other less soluble minerals exposed to the oxic influent 
fluids, which has been validated through reactive transport modelling. This combination of 
acid-driven and oxidative dissolution processes enhanced the As leaching rate from the 
fractured shale.  
Furthermore, analysis of the reactive transport modelling results highlighted that mass 
transport process always controlled element leaching during flow of the HF fluids. Fast 
carbonate mineral dissolution is mainly limited by diffusive mass transport. While for pyrite 
dissolution within the calcite-depleted layer, surface reaction rate limitations play an important 
role in controlling mineral dissolution rates in addition to diffusive mass transport. The fast 
dissolving calcite increases pyrite reactive area as well as through enhanced porosity within the 
shale matrix, which all enhance As mobilization due to pyrite dissolution. However, over 
longer timeframes both processes will eventually diminish following the continuously 
decreasing carbonate dissolution rate. Based on the experimental results presented in Chapters 
2 and 3, it is clear that the carbonate content of a given shale reservoir will have a strong 
influence on the extent of HF motivated release of trace element from shale reservoirs. 
Comparison of the flowback water composition from a shale gas well in the same 
formation to the batch leaching experiments in Chapter 2 revealed no measurable 
concentrations of some of the toxic elements observed in the flowback water (e.g., Ra), even 
at relatively high rock/water ratios similar to those expected in shale gas formations. This 
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comparison suggests that although shale minerals are the ultimate source of contaminants 
observed in flowback waters a majority of these elements are likely already present in shale 
connate brines prior to well stimulation.  
All the results from this study demonstrate that toxic mental leaching may not be the 
most challenging factor facing proper management of flowback/produced water. The elevated 
level of radium activity in produced brine might ultimately control the optimal treatment 
strategy for shale gas produced brines. In Chapter 4, a rapid ICP-MS method for Ra 
measurement of field samples was developed to replace the time-consuming HPGe-Gs Ra 
measurement method. This chapter also focused on evaluating the controlling parameters 
determining Ra activity in produced brine. An empirical relationship was developed to predict 
Ra in produced brine prior to shale gas development in an effort to wastewater management 
stratiegies. U and Th in shale is known to be the ultimate source of Ra and after Ra has reached 
secular equilibrium from radioactive decay of its parent and daughter decay isotopes, the main 
process believed to control fate of Ra in formation brines is adsorption/desorption on mineral 
surfaces.  
After investigating all possible controlling parameters for Ra mobility, it was clear that 
formation brine salinity (TDS) is the most important factor controlling Ra activity in produced 
brine. High levels of Ra in flowback water are found when the rock CEC is small and the TDS 
is high. In addition to TDS being the controlling factor for Ra mobilization, barite precipitation 
will also affect Ra activity in produced brine. The Ra level in produced brine will be much 
lower if the sulfate concentration is high enough to promote precipitation of barite, which will 
incorporate Ra within the barite solid. An empirical correlation between TDS, U content and 
Ra activity was developed to predict Ra activity in flowback/produced water. By following the 
approach presented in this study, Ra activity in produced brines can be estimated through a 
simple analysis of shale brine TDS and native U content.  
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In addition to being a guideline for estimating the level of potential elements of concern 
during shale gas production process, the investigative approaches applied in this dissertation 
can also be used to study trace element and radionuclide mobilization during water/rock 
interactions (dissolution/precipitation, adsorption/desorption, mass transport) during 
development of other emerging subsurface energy resource activities. 
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Appendices 
Appendix A 
Supplemental data and figures for Chapter 2: 
Abbreviation: 
DI water ultrapure DI water 
No acid ammonium persulfate, choline chloride 
Acid only hydrochloric acid, citric acid 
HF Fluids hydrochloric acid, ammonium persulfate, citric acid, choline chloride 
A-1: Estimation of rock: water ratio 
The rock: water ratio chosen for batch experiments should be similar to the real ratio of 
shale gas production wells. The contact surface area is the most important factor for mineral 
dissolution. A certain surface area of shale is in contact with certain volume of injected HF 
fluids is what we try to match in batch experiments. Two assumptions were made: 1) the system 
only contains a single fracture, which supported by sphere proppant; 2) the total volume of this 
fracture is the volume of the injected HF fluids. The equation below was used to calculate 
water-rock ratio.  
𝑚𝑟𝑜𝑐𝑘
𝑉𝑤𝑎𝑡𝑒𝑟
=
(
𝑇𝑜𝑡𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎
𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑠ℎ𝑎𝑙𝑒 𝑠𝑎𝑚𝑝𝑙𝑒
)
𝑉𝑤𝑎𝑡𝑒𝑟
 
The specific area of our samples are 2 m2/g. The range of proppant sizes is from 0.1 
millimeter in diameter to over 2 millimeters in diameter depending customer specifications.1 
The rock: water ratio is then between 0.01-20 g/L. Since most of the proppant is between 0.4 
and 0.8 millimeters in size1, the rock: water ratio is 2.5-5 g/L. 10 g/L was chosen as rock: water 
ratio in all batch experiments. 
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A-2: Procedure and results of sequential extraction 
The first step in the sequential extraction targets water-soluble salts by mixing ultrapure 
DI water with powdered shale with a rock: water ratio of 30ml/1g. All samples were covered 
and kept in a temperature controlled (25°C) shaker for 8 hours, then centrifuged. The 
supernatant was then filtered through a 0.22 µm PTFE filter prior to further analysis. The 
second step extracted exchangeable cations by adding 8 ml of ammonium acetate. These 
samples were agitated in a temperature-controlled shaker for 5 hours, then centrifuged and 
filtered. The third step was followed by adding 8% ultrapure acetic acid (ThermoFisher 64-19-
7) until a pH of 5 was reached. This acidification procedure targets metals partitioned to 
carbonate mineral phases. After 5 hours in the shaker the samples were centrifuged and then 
filtered. The last extraction step aims to extract trace metals from reduced phases, such as 
sulfide minerals, and from organic matter by using a 30% hydrogen peroxide solution and 
reducing the pH to 2 via nitric acid addition. Hydrogen peroxide was added repeatedly until 
bubbling was no longer observed, demonstrating complete oxidation of reduced phases and 
organic material. In this final extraction step, the samples were heated to 80°C and continuously 
shaken for 8 hours. After cooling, the last procedure is to centrifuge and filter the eluent and 
then dilute with DI water to a final volume of 50 mL. All extraction samples were taken and 
immediately refrigerated for anion analysis, while the remaining eluent was acidified by nitric 
acid to a pH of 2 prior to performing cation analysis via ICP-MS. 
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Table A2-1: Extraction percentages of sequential extraction results 
    
Water 
Soluble (%) 
Exchangeable 
Sites (%) 
Carbonate 
(%) 
Reduced 
Phases (%) 
Total Available 
(mg/kg)  
Na 
Antrim 76 7 1 6 1,683 
Utica 70 11 2 12 512 
Collingwood 19 3 44 8 622 
Mg 
Antrim 3 12 14 48 5,058 
Utica 1 3 16 65 9,788 
Collingwood 1 4 70 22 7,090 
K 
Antrim 8 8 1 16 3,558 
Utica 21 15 1 13 4,200 
Collingwood 20 15 4 29 1,744 
Ca 
Antrim 13 35 22 12 7,729 
Utica 4 28 40 28 19,809 
Collingwood <1 3 95 2 216,524 
Sr 
Antrim 6 29 3 9 43 
Utica 14 38 18 27 71 
Collingwood 1 7 74 3 752 
Ba 
Antrim <1 26 3 18 21 
Utica 1 21 4 21 17 
Collingwood 1 25 30 19 13 
Fe 
Antrim <1 <1 1 84 27,924 
Utica <1 <1 5 77 28,132 
Collingwood <1 <1 13 79 7,121 
As 
Antrim <1 <1 <1 75 30 
Utica <1 <1 1 84 4 
Collingwood <1 <1 5 93 2 
U 
Antrim <1 8 7 45 17 
Utica 11 4 3 72 0.3 
Collingwood 7 3 43 42 1 
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A-3: Batch experiment list 
The following table shows all the batch experiments conducted in this study with 
different parameters setting. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Table A3-1: Batch experiments conducted in this study 
Experimental  
conditions 
Fluid composition 
Ambient conditions 
(0.101 MPa, 23°C) 
10 MPa,  
34°C 
15 MPa,  
43°C 
MilliQ water with no chemical 
additives 
3 UC 3 C 
3 U 
3 UC 
2 A 
3 UC 
Citric acid, HCl  
 
3 UC 
2 A 
 
Choline chloride, ammonium 
persulfate 
 
3 UC 
2 A 
 
Choline chloride, ammonium 
persulfate, citric acid, HCl  
3 UC 
2 U 
2 C 
2 A 
3 UC  
2 C 
2 U 
3 A 
3 UC 
2 A 
Formation name abbreviations: 1:1 Utica-Collingwood mixture (UC); Collingwood 
(C); Utica (U); Antrim (A); the number before U, A, C, UC all indicates the number of 
experiments conducted. 
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A-4: Images of presence of pyrite framboid in three shale samples 
The following figures (Figure A4-1, A4-2, A4-3) demonstrate the presence of pyrite 
in all shale samples in addition to XRD data (Table A1). 
 
Figure A4-1: Scanning electron micrograph and selective elemental maps of Utica thin sections: 
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Figure A4-2: Scanning electron micrograph and selective elemental maps of Collingwood 
powder sample: 
 
 
 
 
 
Figure A4-3: Scanning electron micrograph of Antrim powder sample and Energy dispersive 
X-ray spectroscopy (EDS) spectrum of pyrite grain: 
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A-5: Adjusted equilibrium constants at different P and T 
The following tables (Table A5-1, A5-2) demonstrate the major mineral dissolution 
reactions calculated equilibrium constants at variable T, P conditions. The equilibrium 
constants influenced by elevated T, P is very small. 
 
Table A5-1: Reactions and equilibrium constants of mineral dissolution reaction 
 
Mineral Dissolution 
Reaction 
Log Ksp 
0 km depth 
Ambience T and P 
1 km depth 
34 ℃ / 10 MPa 
1.5 km depth 
43 ℃ / 15 MPa 
𝐶𝑎𝐶𝑂3(𝑠) → 𝐶𝑎
2++𝐶𝑂3
2− -8.480 -8.479 -8.502 
𝐵𝑎𝑆𝑂4(𝑠) → 𝐵𝑎
2++𝑆𝑂4
2− -9.970 -9.764 -9.577 
 
 
Table A5-2: Parameters used in equilibrium constant calculation: 
 
  
 LogK Δ𝐻0 (kJ/mol) Δ𝑉0 (cm3/mol) 
Calcite dissolution -8.472 -9.612 -29.73 
Barite dissolution -9.972 26.5682 -51.48564 
  
122 
  
A-6: Extraction percentages of Ba, Fe, Mg, As 
The extraction percentages of Ba, Fe, Mg, As of three different shales (Antrim, Utica, 
Collingwood) in contact with synthetic HF fluids are expressed in Figure A6.  
 
   
   
Figure A6: Extraction percentages (Me/Metotal) of Ba, Fe, Mg, As from Utica, Collingwood 
and Antrim shale after contact with synthetic HF fluids (composition shown in Table 2) at 1.0 
km T, P conditions and a rock: water ratio of 10 g/L. 
 
 
 
 
 
 
 
  
  
123 
  
A-7: Buffering capacity of shale 
Buffer capacity of soil is defined as a soil’s ability to maintain a constant pH level 
during addition of an acidifier or alkalescent agent.5 The definition for soil buffering capacity 
is adopted for shale buffering capacity. There are several mineral phases in shale such as 
carbonates can consume acid and maintain pH value. For the sake of simplicity, calcium is 
assumed only exist in calcite and calcite is the only mineral providing buffering capability. The 
following equation was adopted. 
 
𝐵𝑢𝑓𝑓𝑒𝑟𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =
𝑚𝑚𝑜𝑙 {𝐻+}
𝑔 𝑠ℎ𝑎𝑙𝑒
=
2 𝑚𝑚𝑜𝑙 {𝐻+}
1 𝑚𝑚𝑜𝑙 𝐶𝑂3
2− ∗ 0.1 𝑔/𝑚𝑚𝑜𝑙
𝑐𝑎𝑙𝑐𝑖𝑡𝑒 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑖𝑛 𝑠ℎ𝑎𝑙𝑒
=
20 𝑚𝑚𝑜𝑙 {𝐻+}
𝐶𝑎𝑙𝑐𝑖𝑡𝑒 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑖𝑛 𝑠ℎ𝑎𝑙𝑒𝑔
 
 
Table A7-1 shows the calculated calcite content and buffering capacity of different rock 
samples.  
 
Table A7-1: Buffering capacity  
 Calculated Calcite 
Content 
Buffering Capacity 
[mmol{H+}/kg] 
Utica   5%   1 
Collingwood  54%  10.8 
Antrim  1.9%   0.4 
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A-8: Eh and pH profiles         
Eh and pH values of all batch experiments were recorded every 10 min. The following 
four figures (Figure A8-1, A8-2, A8-3, A8-4) illustrated Eh and pH profiles for Utica-
Collingwood as well as Antrim reacting with different chemical mixture.                                
                
                                                                                 
 
      
 
          
               
 
 
 
 
  
Figure A8-1: Eh profile for Utica-
Collingwood mixtures experiments 
Figure A8-2: Eh profile for Antrim 
experiments 
Figure A8-3: pH profile for Utica-
Collingwood mixture experiments 
Figure A8-4: pH profile for Antrim 
experiments 
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A-9: Pyrite dissolution discussion 
A9-1: Stability graph 
Act2 in GWB student edition 11.0.3 has been adopted to construct Fe stability 
diagraph for Antrim in contact with HF fluids under 1.0 km condition. The thermodynamic 
data named thermos is incorporate. Final concentrations of all major cations and anions 
shown in table A9-1 were put in to construct this eh-pH diagraph (Figure A9-1). According to 
Figure A9-1, Fe2+ is the dominate species in batch system. 
Table A9-1: Input water chemistry         Figure A9-1: Fe stability diagram for Antrim 1.0 km HF  
                                                                       fluids 
                                            
 
 
 
A9-2: Pyrite dissolution simulation  
React in GWB student edition 11.0.3 has been applied to simulate pyrite dissolution. 
The rate of mineral dissolution is described by a simple built-in rate law shown below: 
( | ) 1j
j
P
s j j
Q
r A k a m
K
+
 
= − 
 

 
Where r is the mineral’s dissolution rate (mol/s), As is the surface area of the mineral (cm2), k+ 
is the intrinsic rate constant (in mol/(cm2 s)), Q and K are the activity product and equilibrium 
constant for the dissolution reaction, aj, mj = activity or concentration of promoting or inhibiting 
species, Pj = species’ power (+ is promoting,  – is inhibiting).  
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Fe 0.001204 M 
Na 0.000567 M 
Mg  0.001032 M 
K 0.0003158 M 
Ca  0.001335 M 
Sr  2.18036E-06 M 
Ba  4.383E-07 M 
Cl  0.040330905 M 
SO4  0.002478536 M 
pH 2.2 
Eh (V) 0.62 
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For the built-in law, specific surface area (cm2/g) and rate constant (mol/(cm2s)) need 
to be put in as input for the simulation. The rate constants for all minerals are from previous 
investigation.6 
i). Specific surface area analysis: 
Pyrite grain’s radius (R) is ~0.5-5um in Antrim samples (Figure A9-2). For this grain 
size, the specific surface (SSA) would range from ~1200-12000 cm2/g according to equation 
below. 5000 cm2/g has been used as specific surface area. 
𝑺𝑺𝑨 =
𝑨𝒓𝒆𝒂
𝑴𝒂𝒔𝒔
=
𝟒𝝅𝑹𝟐
𝝆 ×
𝟒𝝅𝑹𝟑
𝟑
=
𝟑
𝝆𝑹
 
   
Figure A9-2: Scanning electron micrograph of Pyrite framboid in Antrim powder samples   
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ii). Simulation parameters:  
Table A9-2 shows all parameters used in pyrite dissolution simulation. 
Table A9-2: Simulation parameters 
 SIMULATION  
Fixed Eh (V) 0.6 
 
Pyrite 
surface area (cm2/g) 5000 
Rate constant (mol/cm2 sec) 6 3.01995e-12 
Mass (% of 3 g shale) 2.8% 
 
Ankerite 
surface area (cm2/g) 20000 
Rate constant (mol/cm2 sec)6 6.45654E-08 
Mass (% of 3 g shale) 3% (by adding 0.5% MgFe(CO3)2+ 2.5% MgCO3) 
 
 
iii). Simulation results:  
[Fe2+] concentration profile in simulated as well as batch experiment is shown in Figure 
A9-3. The amount of pyrite dissolved is demonstrated in Figure A9-4. Carbonate minerals has 
been consumed within the first ~30 min (Figure A9-5). Fe speciation is illustrated in Figure 
A9-6. Fe2+ dominate the system and all other species are all below 0.0001 M. 
 
 
Figure A9-3: Comparison of [Fe2+] in batch experiment and simulation  
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    Figure A9-4: Pyrite dissolution                              Figure A9-5: Carbonate dissolution  
           
          Figure A9-6: Fe speciation diagram   
  
 
iv). Sensitivity analysis 
Figure A9-7 and Figure A9-8 show simulated [Fe2+] at variable surface areas and initial 
pyrite amount. These figures demonstrate the sensitivity of two important parameters on the 
influence of pyrite dissolution. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A9-7: Simulated [Fe2+] under different surface areas. 
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   Figure A9-8: Simulated [Fe2+] under different initial pyrite amount 
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A-10: As vs. Fe correlation  
Figure A10-1 show the correlation of [As] and [Fe] for Antrim shale reacting with only 
acid and HF fluids. This correlation proves that As is bounded to same minerals contain Fe like 
pyrite.  
 
 
Figure A10-1: [As] vs. [Fe] for Antrim in contact with only acid (Acid only) and all four 
chemical additives (HF fluids) 
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A-11: Flowback water 
The following table shows all major cations and anions measured in flowback water 
samples from a recently completed Utica-Collingwood well (State Beaver Creek 1-23 HD-1).  
Table A11-1: Flowback water characterization 
Time 
(day) 
Na (mg/L) Ca (mg/L) Sr (mg/L) Ba (mg/L) Mg (mg/L) Fe (mg/L) 
Conc. std Conc. std Conc. std Conc. std Conc. std Conc. std 
0 33234 1322 65134 1887 3355 169 24 0.12 4476 153 756 24 
0.94 31688 957 62807 1876 3556 71 22 0.50 4451 151 680 20 
1.67 26149 1285 53028 1692 3159 154 20 0.27 3745 101 575 19 
3.75 28443 1071 61675 3538 3810 110 23 2.47 4371 281 663 39 
5.73 34640 1160 73982 1872 4499 152 29 0.29 5167 182 782 26 
7.84 35110 938 73874 2200 4399 168 51 1.62 5146 169 785 23 
12.74 38296 1811 80057 3583 4495 114 63 0.50 5532 292 867 42 
18.82 37752 415 83348 2583 3818 23 76 1.52 5058 40 833 35 
33.82 39843 598 83603 1003 3887 78 85 1.28 5179 165 836 31 
47.71 39715 238 81605 979 4224 338 89 6.44 5626 483 816 30 
70.68 41507 581 87943 264 4008 40 89 0.97 5387 87 879 39 
Time 
(day) 
Cl (mg/L) Br (mg/L) SO4 (mg/L) Saturation Index 
for barite 
calculated from 
GWB  
Ra-226 (pCi/L) Ra-228 (pCi/L) 
Conc. std Conc. std Conc. std Activity. std Activity. std 
0 162389 37 3568 180 76 4 1.09 2207 99 2108 96 
0.94 155477 479 3022 114 94 7 1.12 1377 667 1503 71 
1.67 160975 129 3138 261 95 3 1.08 615 38 646 41 
3.75 155944 184 3146 209 78 1 1.04 816 45 1021 55 
5.73 171033 184 3640 105 47 11 1.00 1291 64 1358 68 
7.84 152087 105 3696 431 40 5 1.01 2331 105 2367 111 
12.74 202410 91 4822 452 37 6 1.29 2535 111 2284 108 
18.82 220592 1522 3152 1564    1761 84 1631 82 
33.82 219250 379 3416 280    1404 72 1203 57 
47.71 225935 864 3198 449    1294 67 1156 60 
70.68 230616 297 3764 391    1443 72 1203 59 
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A-12: Ra estimation for batch experiment 
According to previous digestion work, U and Th content in Collingwood and Utica is 
obtained and shown in Table A12-1. By using secular equilibrium theory, Ra-226 and Ra-228 
content is estimated by applying equation (1) and (2). Then at 10g/L rock: HF fluid ratio and 
assume all Ra in rock entered water, the corresponding Ra activity end up in water is estimated 
(Table A12-1). 
226𝑅𝑎
238𝑈
≈
𝜆238𝑈
𝜆226𝑅𝑎
=
1.55125 × 10−10 𝑦𝑟−1
4.33 × 10−4 𝑦𝑟−1
 
228𝑅𝑎
232𝑇ℎ
≈
𝜆232𝑇ℎ
𝜆228𝑅𝑎
=  
4.948 × 10−11 𝑦𝑟−1
0.1203 𝑦𝑟−1
 
[Ra-226]=3.4E-7*[U-238]         (1) 
[Ra-228]=4.04E-10*[Th-232]         (2) 
 
Table A12-1: Radium level estimation 
 Collingwood Utica UC 1:1 mixture 
U content (mg/kg)  3 3.5  
Th content (mg/kg)  4.6 10.5  
Ra-226 in rock (pCi/g) 1.02 1.19  
Ra-228 in rock (pCi/g) 0.57 1.3  
10 g/L 
rock: HF 
fluid ratio 
Ra-226 
(pCi/L) 
10.2 11.9 11.05  (=0.011 ng/L) 
Ra-228 
(pCi/L) 
5.7 13 9.35  (=0.009 ng/L) 
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Aqueous Systems II; ACS Symposium Series; American Chemical Society, 1990; Vol. 
416, pp 398–413. 
(3)  Li, Y.-H.; Takahashi, T.; Broecker, W. S. Degree of saturation of CaCO3 in the oceans. 
J. Geophys. Res. 1969, 74 (23), 5507–5525. 
(4)  Blount, C. W. Barite solubilities and thermodynamic quantities up to 300/sup 0/C and 
1400 bars. Am Miner. U. S. 1977, 62:9-10. 
(5)  Hajnos, M. Buffer Capacity of Soils. In Encyclopedia of Agrophysics; Gliński, J., 
Horabik, J., Lipiec, J., Eds.; Encyclopedia of Earth Sciences Series; Springer 
Netherlands, 2014; pp 94–95. 
(6)  Palandri, J. L.; Kharaka, Y. K. A compilation of rate parameters of water-mineral 
interaction kinetics for application to geochemical modeling; DTIC Document, 2004. 
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Appendix B 
Supplemental data and figures for Chapter 3: 
B-1: Sequential extraction results of Collingwood 
 
Figure B1: Sequential extraction results for proportioning of elements between exchangeable 
sites, water-soluble, carbonate and sulfide or organic phases for Collingwood.  
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B-2: Core characterization 
(i). Element mapping to obtain mineral area fraction 
Based on EDS results from three points in region (a) and two points in region (b), the 
average mineral fraction can be calculated and shown in Figure B2. There are two distinct 
regions shown in X-CT scan: region a) with darker grey color and region b) with lighter color. 
According to the quantitative results from element mapping and assume Sulphur represents 
pyrite, Calcium represents calcite, Aluminum represents clay; the mineral fraction can be 
calculated. Averaged results shown in Figure B2. 
 
 
Figure B2: Averaged mineral fraction results. 
 
 
 
 
(ii). Core section images together with EDS data 
Shale heterogeneity demonstrates by image of the core intersection (1) shown in Figure 
B3. This figure shows the location of big pyrite grains. In addition, SEM images of the fracture 
in core section (1) as well as EDS results are demonstrated in Figure B4. In this figure, pyrite 
is embedded in calcite and clay matrix. Also, the clay matrix seems to surround the calcite and 
might inhibit calcite dissolution. Figure B5 demonstrates similar findings for core section (2), 
which is more close to inlet. More dissolved region area is expected.  
Region (a) average results:  
60% calcite, 14% illite, 20% quartz, 1% pyrite 
Region (b) average results:  
75% calcite, 13% illite, 6% quartz, 1% pyrite 
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Figure B3: Core intersection (1) images and close-up of pyrite grains. 
 
 
 
Figure B4: SEM images and EDS results in core fracture section (1). 
(1) 
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Figure B5: SEM images of core section (2). 
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(iii) Altered layer (L) formation 
The altered layer formation have been observed in both in SEM images (Figure B4 
B5) and post reaction XCT images in Figure B6. 
                                     
Figure B6: Formation of the altered layer (L). 
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B-3: Effluent pH, Ca, Fe, and As concentration profile for CW#1 
 
Figure B7: CW#1 experimental results.  
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B-4: Model calibration results 
(a). CW#1 
         
 
(b). CW#2 
Figure B8: Effluent pH, calcium, iron and arsenic concentration as a function of time for the 
two flow-through experiments together with the modelling results. Black points are 
experimental results from CW#1 at 2.5 ml/hr. Blue, orange, and green dot represents 
experimental data from CW#2 at 10 ml/hr, 5 ml/hr, and 2.5 ml/hr, respectively.   
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B-5: Pe number 
The trend of Pe number increase first and then decrease with time in layer i. While. Pe 
number overall keep decreasing with time in layer ii.  
 
(a). Pe in layer i 
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(b). Pe in layer ii 
Figure B9: Pe number for individual grid. 
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B-6: Da number 
 
(a). Da numbers for calcite dissolution in layer i 
 
 
 
  
144 
  
 
(b). Da numbers for pyrite dissolution in layer i 
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(c). Da numbers for pyrite dissolution in layer ii 
Figure B10: Da number for individual grid. 
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B-7: Model results under a flowrate of 10 ml/hr at 500 hr                                                    
(a). Saturation Index for different minerals                     (b). Mineral Volumes
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(c). pH and porosity  
Figure B11: Model results (mineral saturation index, mineral volume, pH, and porosity) at 
500 hr. 
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B-8: Model results for different calcite content 
 
 
Figure B12: Model Damköhler numbers for calcite dissolution at variable calcite content (5%, 
30%, 60%) in altered layer i at 500 hr simulation time. 
 
 
 
 
 
 
 
Figure B13: Model results of altered layer i and ii penetration depth into the core. 
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B-9: Model results for different pyrite content 
 
Table B1: Averaged Da for pyrite in layer ii 
 Average DaI for 
pyrite in layer ii 
Average DaII for 
pyrite in layer ii 
1% pyrite 6.836    10.459 
2% pyrite 6.595 
 
9.987 
 
3% pyrite 6.506 
 
9.775 
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B-10: Heterogeneity and fractures 
 
 
Figure B14: Reconstruction of the XCT scan before and after experiment CW#1.                   
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Appendix C 
Supplemental data and figures for Chapter 4: 
C-1: Well logging introduction and rock/ water ratio estimation 
Well logging is widely used to characterize subsurface formations to identify and 
evaluate potential of hydrocarbon bearing formations. So it can be utilized here as an effective 
way to obtain U and Th content. Normally the natural gamma radiation emitted by U and Th 
in formation rocks is used as an indicator of the presence of hydrocarbons by using geochemical 
logs, spectral gamma ray logs, neutron and resistivity logs.1 The well logs are very important 
for oil and gas developer because it reflects shale characterization and provide well-to-well 
correlation. Gamma radiation, which is the only one of three identified nuclear radiation, can 
be used in well logging because it alone has sufficient penetrating power to go through the 
formation and the steel casing. Natural radiation is due to the disintegration of radioactive 
nuclei contained in the formation, which include K-40, U-238, and Th-232. The energy 
associated with each radiation is 1.46 MeV for K, 0.68 MeV for Th, and 1.12 and 0.98 MeV 
for U.2 Radiation counts are directly proportional to the volume of material in the measurement 
area of the scintillation counters. Gamma ray logs are scaled in American Petroleum Institute 
(API) units. The gamma-ray API (GAPI) unit is defined as 1/200 of the difference between the 
count rate recorded by a logging tool in the middle of the radioactive bed and that recorded in 
the middle of the nonradioactive bed.3 Limestones have readings of 15–20 GAPI while shales 
vary from 75 to 150 GAPI, with maximum readings of about 300 GAPI for very radioactive 
shales.4 Unlike the conventional gamma-ray logs, spectral gamma-ray logs record the 
individual response to the different radioactive minerals and distinguished by the wavelengths 
of their characteristic gamma emissions. Thus the presence of K, U, and Th can be 
quantitatively evaluated. U and Th concentration in the formation is then obtained according 
to spectral gamma-ray well logs. Porosity as well as resistivity, density, water saturation can 
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also be acquired from well logging information. The equation C1 is applied to calculate rock: 
water ratio between formation water and shale reservoir. By applying this equation to the three 
formations in this study, the rock: water ratio was calculated and shown in Table C1. 
Collingwood -Utica data was obtained from well logs of State Beaver Creek 1-23 HD-1. 
Antrim data was acquired by combination of digestion and well logs; for the Marcellus 
formation, average data from literature was adopted for rock: water estimation. 
 
𝑟𝑜𝑐𝑘(𝑔)
𝑤𝑎𝑡𝑒𝑟(𝐿)
=
𝑚𝑟𝑜𝑐𝑘
𝑉𝑤𝑎𝑡𝑒𝑟
=
𝜌𝑟𝑜𝑐𝑘∙𝑉𝑟𝑜𝑐𝑘
𝑉𝑤𝑎𝑡𝑒𝑟
= 𝜌𝑟𝑜𝑐𝑘[
1
Φ∙𝑆𝑤
− 1]     (C1) 
 
𝑆𝑤  is water saturation. Φ is the bulk porosity of the rock and 𝜌𝑟𝑜𝑐𝑘is the rock bulk density. 
 
Table C1: Estimation of rock: water ratio for three formations 
 Collingwood-
Utica* 
Antrim& Marcellus 
U (ppm) 3.2 19.8 265 
Th (ppm) 9.8 7.4  
Porosity (%) 5 20 66 
Water saturation (%) 34 15 256 
Ra228/226 (activity ratio) 0.84 0.10  
Original rock/water ratio 
(g/L) 
150,000 87,623 177,957 
*from well logs of State Beaver Creek 1-23 HD-1.      & from digestion and well log data.  
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The predicted Ra-226 activity for U content range from 0 to 30 ppm at various 
rock/water ratio (10,000-200,000 g/L) as well as field samples is shown in Figure C1. In this 
figure, the reasonable range cannot account for the wide Ra-226 range of same formation. 
 
 
Figure C1: Predicted Ra-226 activity vs. U content from different rock/water ratio and field 
sample data from three formations. 
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C-2: Comparison of spectral gamma-ray well logs and digestion data for U and Th 
content 
Spectral gamma-ray well logs data were used to obtain U and Th content in different 
depth within a well State Chester 18 (permit# 33875) targeting Antrim formation. Also, two 
samples during Antrim interval (458 m, 475 m) with higher U content as well as two sample 
not in Antrim interval (503 m, 506 m) in this well were chosen for whole digestion. Then data 
were gathered to compare to actual U and Th content obtained by whole digestion and also 
errors are shown in Table C2.  
 
Table C2: Errors of Uranium and Thorium content from Antrim formation 
 U content Th content 
Well depth 
(m) 
Actual 
(ppm) 
well logs 
(ppm) 
Error 
(%) 
Actual 
(ppm) 
well logs 
(ppm) 
Error 
(%) 
458 36.6 26 29 8.7 7.5 14 
475 14.3 18 26 10.9 10 8 
503 2.9 2.5 18 9.4 9 4 
506 3.1 3 3 10.3 8 22 
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C-3: Ra measurements 
Rapid ICP-MS method to measure Ra-226 is established by adding 100g/L Cl- to all 
Ra-226 standard to match high salinity sample matrix. The average calibration curve with Ra 
(0.1 – 20 ppt) with the addition of 100g/L Cl- is shown in Figure C2. The detection limit is 
1.25 ppt (1250 pCi/L). Figure C3 presents Ra-226 as well as total Ra (Ra-228 and Ra-226) for 
11 Collingwood flowback water samples from the State Beaver Creek 1-23 HD-1. This figure 
indicates that Ra reaches steady state after ~20 days, and also that Ra-226 has same trend with 
Ra-228. 
                    
 
 
  
Figure C2: Average calibration curve 
with Ra (0.1 – 20 ppt) under 100g/L Cl- . 
The detection limit is 1.25 ppt which is 
1250 pCi/L. 
Figure C3: Ra-226 and total Ra activity 
in 11 Collingwood flowback water 
samples measured by HP-Ge gamma 
spectroscopy. 
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C-4: Secular equilibrium theory 
The secular equilibrium is explained by Zhang’s book7 and summarized here. The two 
decay chains are shown in Figure C4. Every decay reaction in the decay chain is a first-order 
reaction. The reaction rate law can be applied to solve for each species in the decay chain. U-
238 decay chain is used as an example to solve Ra-226. 
𝑑
238𝑈
𝑡⁄ = −𝜆238𝑈238𝑈                                    (C4.1) 
𝑑
234𝑇ℎ
𝑡⁄ = 𝜆238𝑈238𝑈 − 𝜆234𝑇ℎ234𝑇ℎ                  (C4.2) 
                                                               … 
𝑑
226𝑅𝑎
𝑡⁄ = 𝜆230𝑇ℎ230𝑇ℎ − 𝜆226𝑅𝑎226𝑅𝑎                (C4.6) 
The above set of equations (C4.1-C4.6) can be solved to obtain [Ra-226] concentration. 
However, the progress and the result might be difficult and messy. Another way to solve this 
is to go step by step. The slowest step is the first step with several orders of magnitude slower. 
Equation C4.1 can be solved: 
238𝑈 = 238𝑈0𝑒
−𝜆238𝑡 
The activity of a radioactive nuclide is defined as the decay rate: 𝐴238𝑈 = 𝜆238238𝑈.  
𝐴238𝑈 = 𝐴238𝑈
0 𝑒−𝜆238𝑡 
Equation C4.2 can then be solved next: 
234𝑇ℎ = 234𝑇ℎ0𝑒
−𝜆234𝑇ℎ𝑡 +
𝜆238238𝑈0
𝜆234𝑇ℎ − 𝜆238
(𝑒−𝜆238𝑡 − 𝑒−𝜆234𝑡) 
Multiplying the above equation by 𝜆234𝑇ℎ , 
𝐴𝑇ℎ = (𝐴𝑇ℎ
0 −
𝜆234𝑇ℎ
𝜆234𝑇ℎ − 𝜆238𝑈
𝐴𝑈
0 ) 𝑒−𝜆234𝑇ℎ𝑡 +
𝜆234𝑇ℎ
𝜆234𝑇ℎ − 𝜆238𝑈
𝐴𝑈 
𝜆234𝑇ℎ − 𝜆238𝑈 ≈ 𝜆234𝑇ℎ 
𝐴𝑇ℎ ≈ (𝐴𝑇ℎ
0 − 𝐴𝑈
0 )𝑒−𝜆234𝑇ℎ𝑡 + 𝐴𝑈 
(𝐴𝑇ℎ − 𝐴𝑈) ≈ (𝐴𝑇ℎ
0 − 𝐴𝑈
0 )𝑒−𝜆234𝑇ℎ𝑡 
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When 𝜆234𝑇ℎ ≫ 1, 𝐴𝑇ℎ ≈ 𝐴𝑈. If the time interval is longer than million years, steady 
state is then reached: 𝑨𝑼 = 𝑨𝑻𝒉 = 𝑨𝑷𝒂 = 𝑨𝑹𝒂…… 
The above condition of equal activity of all radioactive nuclides in a decay chain is 
known as secular equilibrium. The equation C4.7 and C4.8 are then obtained based on the equal 
activity theory. Equation C4.9, C4.10, and C4.11 are used to calculate Ra-226, Ra-228, and the 
activity ratio. The activity ratio of Collingwood flowback water and Antrim produced water 
samples are plotted in Figure C5. The dash line represents the calculated ratio based on equation 
C4.11. 
 
226𝑅𝑎
238𝑈
≈
𝜆238𝑈
𝜆226𝑅𝑎
=
1.55125×10−10 𝑦𝑟−1
4.33×10−4 𝑦𝑟−1
      (C4.7) 
228𝑅𝑎
232𝑇ℎ
≈
𝜆232𝑇ℎ
𝜆228𝑅𝑎
=  
4.948×10−11 𝑦𝑟−1
0.1203 𝑦𝑟−1
       (C4.8) 
[Ra-226]=3.58E-7*[U-238]         (C4.9) 
[Ra-228]=4.11E-10*[Th-232]         (C4.10)  
228𝑅𝑎
226𝑅𝑎
𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑟𝑎𝑡𝑖𝑜 =
4.11E−10∗[232𝑇ℎ]
3.58E−7∗[238𝑈]
∗ 230     (C4.11) 
 
  
158 
  
   
 
Figure C4: Decay chains of U-238 and Th-232. 
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Figure C5: Ra-228/Ra-226 activity ratio of Collingwood flowback and Antrim produced water. 
The dash line represents the calculated ratio according to U/Th in each reservoir rock. 
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C-5: Shale XRD analysis results 
The following table shows the quantitative XRD analysis results of all four shale 
samples. Average Marcellus shale sample results are also presented. 
 
Table C3: XRD results of four shale samples in this study 
Shale Mineral (wt.%) 
Utica 
Calcite  (3%)        
Ankerite  (8%) 
Illite  (38%)         
Chlorite  (8%) 
Quartz  (19%)           
Feldspar (19%) 
Pyrite  (2%)              
Muscovite  (3%) 
Collingwood 
Calcite  (44%)           
Dolomite (5%) 
Ankerite  (4%)          
Quartz  (11%) 
Feldspar  (5%)            
Pyrite  (1%) 
Muscovite  (2%) 
Illite  (26%)               
Chlorite (2%) 
 
Antrim 
Quartz  (30%)             
Illite  (20%)               
Chlorite (20%) 
Feldspar  (28%) 
Pyrite  (2%) 
Marcellus 
outcrop 
Calcite  (55%)            
Illite (2%) 
Montmorillonite 
Pyrite  (1.5%) 
Quartz  (23.5%)    
(18%)   
Marcellus8 
(average) 
Quartz  (20%) 
Illite-smectite  
Illite  (35%) 
Pyrite   (5%)  
Chlorite  (7.5%) 
(7.5%) 
Calcite   (25%) 
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Table C4: Calculated CEC results. 
 Clay type and content calculated CEC from 
clay content (meq/100g) 
CEC from Ba adsorption 
experiment (meq/100g) 
Antrim 20 - 35% illite,  
5 - 10% kaolinite,  
0 - 5% chlorite 
10 8.9 
Average Marcellus8 7.5% chlorite,  
7.5% illite-smectite, 
35% illite 
14  
Marcellus outcrop 2% illite  
18% Montmorillonite 
11.4 2 
Collingwood 2% muscovite, 
26% Illite,            
2% chlorite 
6.5 3.3 
Utica 38% illite, 
3% muscovite, 
8% chlorite 
9.5 8.8 
 
 
Table C5: Measured and reported U, Th, and Ba content, total organic content for shales  
 
 
 
 
 
  
 Th (ppm) U (ppm) Ba (ppm) TOC from literature TOC measured 
in this study 
Antrim 7.4 19.8 241 5-14%, with an average of 8%7,8 5.3% 
Utica 10.5 3.5 322 2.5-6%8,9  0.5% 
Collingwood 4.6 3 139 0.5-1.3%8,9, 2.215%10,11 3.4% 
Marcellus    13145 2-10%6 2.3% 
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C-6: Antrim produced water analysis 
Major anion (sulfate, chloride, barium) concentration and Ra activity are shown in the 
following table. 
 
 
Table C6: Antrim produced water analysis 
 
 
 
  
 
SO4(ppm) Cl(ppm) Ba(ppm) Ra-226 (pCi/L) Ra-228 (pCi/L) 
A1 2.29 0.04 7823 221 217 0.2 4054 169.5 528.75 44.04 
A2 n.a. 
 
84900 359 124 0.7 5296 218 847.35 55.725 
A3 n.a. 
 
115904 42 202 0.5 15800 627.6 1421.5 87.115 
A4 n.a. 
 
126630 85 107 1.6 20500 811.4 1857.5 108.81 
A5 62.3 0.55 129118 414 8 1.1 1049 53.25 114.25 24.17 
A6 1.56 0.25 18382 25 22 0.9 824.8 45.04 61.465 23.33 
A7 n.a. 
 
561 2.2 0.22 1.2 37.4 14.81 \  
A8 4.36 0.39 4385 24 3 0.7 121 18.87 \  
A9 n.a. 
 
7750 35 5.2 0.6 353 27.83 26.755 18.355 
A10 n.a. 
 
21786 156 26 1.5 1077 55.21 97.765 23.325 
A11 1.39 0.19 4296 143 1.6 0.9 72 19.16 \  
A12 n.a. 
 
13707 181 11 0.4 527.3 34.03 63.565 18.865 
A13 n.a. 
 
7384 65 5 1.9 248.8 24.74 \  
A14 n.a. 
 
20095 300 25 1.3 2841 122.5 259.65 30.905 
A15 n.a. 
 
94955 574 41 0.6 9910 397.9 1005.3 62.055 
A16 n.a. 
 
89496 218 39 0.4 8102 327.33 779 53.875 
A17 n.a. 
 
97089 325 59 1.4 10723 429.83 992.9 52.31 
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Figure C6: Ra-226 activity vs. TDS for Antrim produced water samples 
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